Separations of yttrium and some rare earths by liquid-liquid extraction by Foos, Raymond A. & Wilhelm, H. A.
Ames Laboratory ISC Technical Reports Ames Laboratory
7-1954
Separations of yttrium and some rare earths by
liquid-liquid extraction
Raymond A. Foos
Iowa State College
H. A. Wilhelm
Iowa State College
Follow this and additional works at: http://lib.dr.iastate.edu/ameslab_iscreports
Part of the Chemistry Commons, and the Metallurgy Commons
This Report is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory ISC Technical Reports by an authorized administrator of Iowa State University Digital Repository. For more
information, please contact digirep@iastate.edu.
Recommended Citation
Foos, Raymond A. and Wilhelm, H. A., "Separations of yttrium and some rare earths by liquid-liquid extraction" (1954). Ames
Laboratory ISC Technical Reports. 125.
http://lib.dr.iastate.edu/ameslab_iscreports/125
Separations of yttrium and some rare earths by liquid-liquid extraction
Abstract
The use of liquid-liquid extraction for the separation of some inorganic compounds was demonstrated.
Keywords
Ames Laboratory
Disciplines
Chemistry | Engineering | Materials Science and Engineering | Metallurgy
This report is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/ameslab_iscreports/125
UN CLASS I FlED 
Physical Scicncf's Reading Room 
UNCLASSIFIED 
ISC-695 
CHEMISTRY 
UNITED STATES ATOMIC ENERGY COMMISSIO 
SEPARATIONS OF YTTRIUM AND SOME RARE 
EARTHS BY LIQUID-LIQUID EXTRACTION 
By 
Raymond A. Foos 
H. A. Wilhelm 
July 1954 
Ames Laboratory 
Iowa State College 
Ames, Iowa 
Technical Information, Service Extension, Oak Ridge, Tenn. 
Work performed under Contract No. W-7405-Eng-82. 
F. H. Spedding, Director, Ames Laboratory. 
LEGAL NOTICE 
This report was prepared as an account of Government sponsored work. Neither the 
United states, nor the Commission, nor any person acting on behalf of the Commission: 
A. Makes any warranty or representation, express or implied, with respect to the 
accuracy, completeness, or usefulness of the information contained in this report, or that 
the use of any information, apparatus, method, or process disclosed in this report may 
not infringe privately owned rights; or 
B. Assumes any liabilities with respect to the use of, or for damages resulting from 
the use of any information, apparatus, method, or process disclosed in this report. 
As used in the above, "person acting on behalf of the Commission" includes any em-
ployee .or contractor of the Commission to the extent that such employee or contractor 
prepares, handles or distributes, or provides access to, any information pursuant to his 
employment or contract with the Commission. 
This report has been reproduced directly from the best available copy. 
Printed in USA. Price 50 cents. Available from the Office of Technical Serv-
ices, Department of Commerce, Washington 25, D. C. 
AEC, Oak Ridge, Tenn. 
ISC-695 iii 
TABLE OF CONTENTS 
Page 
INTRODUCTION., .••.. ~~~ o o • o o •••• o o ••••• o o • o •••••• o •••• o •• • ••• --1-
GENERAL HISTORY OF RARE EARTH SEPARATION •..•.••..•••.. . .• 2 
EXPERIMENTAL DETAILS ..•..•••. o •• o • • • • • • .. • • • • • • • • • • • • • • • • • 7 
RESULTS 
l. 
2. 
3. 
AND DISCUSSION •..•••••••••••.•.••.....•.••••..•.. ll 
Separation of the yttrium and rare earths 
obtained from the ion-exchange column tailings .. ll 
Concentration and separation 'df yttrium and 
rare earths obtained from Fergusonite ore .... . . . 22 
Concentration and separation of yttrium and 
rare earths obtained from Gadolinite or~ ........ 46 
CONCLUSIONS . .. o ••• o •••••••••• o o •••• o •••• o ••••••• • o •• c ••• o 68 
1. M Ore processing . ... 0 G 0. 0 0 0 ••• e 0 •••••••• 0 0 0 0 • 0 • 0. • 68 
2. Single stage extractions .........••.•....••....• 68 
3. Multistage extractions .. o •••••••• .., • o •••••••••••• 71 
SUMMARY •• o •••••••••••••••• o o • • • • • • • • • • o ••• o o ••• o • • • • • • • • • 7 2 
LITERATURE CITED .. o • o ••• o •••• o •• o o ••••••• o • o o •••••• o • o • • • 75 
j_v 
SEPARATION OF YTTRIUM AND SOME RARE EARTHS BY LIQUID-
LIQUID EXTRACTION* 
oy 
Raymond A. Foos and H. A. Wilhelm 
ABSTRACT 
The use of liquid~liquid extraction for the separation 
of some inorganic qompounds was demonstrated. 
The yttrium-rare earth concentrates were obtained 
from Fergusonite ore, Gadolinite ore and a by-product from 
an ion-exch~nge res~n separation process. In each case 
the mixture ·in terms of oxide was composed of from 50 to 
60 per cent yttriu.m and 5 to 15 per cent heavy rare earths, 
with the light rare earth fraction constituting the 
remaining material. Tributyl phosphate was generally 
employed for extracting nitric acid solutions of these 
concent~ates. 
SingJ,e stage extractions indicated that the relative 
extr~ctability of certain rare earths from an aqueo~s 
system, 3.0 molar pr greater in nitric acid, increases with 
atomic number. At lower nitric acid concentrations , 
d,eviat:Lons from this trend were observeQ.. The mass transfer 
values showed a minimum at a nitric acid concentration of 
aoout 6.0 molar. Yttrium extracts in the holmium region 
from a highly concentrated nitric acid system, in the 
dyspros~um reg~on from a 6 to 12 molar nitric acid system, 
in the gadolinium region from a 3.0 to 4.5 molar nitric 
acid system and with the lighter rare earths from very low 
nitric acid systems. 
A numoer of 20 stage countercurrent extractions were 
carried out employing nitric acid solutions of yttrium 
and rare earths as the aqueous feed phase and tributyl 
phosphate as the organic phase. When extracting their 
concentrated nitric acid solutions, the organic product 
generally contained yttrium and heavy rare earths while 
the aqueous product contained the light rare ~arth fraction 
* This report is based on a Ph.D. thesis by Raymond A. Foos 
submitted July, 1954, to Iowa State College, Ames, Iowa. 
This work was done under contract with the Atomic Energy 
Commission. 
" 
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plus a small amount of yttrium and dysprosiumo In one 
multistage extra ction the organic product phase de livered 
90 per cent of the total yttrium which gave an oxide that 
was 91 per cent pure. Extraction of a light rare earth 
fraction resulted in an enriched c oncentrate of praseodymium 
and samariumo Gadolinium and dysprosium were separated 
from yttrium to a considerable ext ent by extracting from a 
very low nitric acid solutiono The extractions of these 
yttrium-rare earth concentra tes showed the possibility of 
separating yttrium from any particular rare earth and of 
some individual rare earthso 
The liquid-liquid system present ed here indica t ed 
further the applicability of solvent extraction for 
separating inorganic compoundso Much of the informa tion 
from this work is directly applicable t o practica l 
separation problems and therefore should be readily 
adaptable to specific laboratory and industria l s ca l e 
opera tionso 
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INTRODUCTION* 
Liq~1d-11qu1d extraction is becoming widely used for 
the separa~ion of inorganic salts in industrial as well 
as in l~boratory processes. Consequently, this technique 
was investigatecj as a method for the separation of' some 
inorganic salts which are of cur!'ent interest to the 
Atomic Energy Commission . 
. ·In gen~r.al;a number of liquid-liquid eystems contain-
ing yttr:l.~tn and some rare earth salts were investigl:lted. 
Various compositions of the aqueous phase were contacted 
with a variety tof partially immiscible organic solvents 
in single ~tage extractioris until equilibrium was obtained. 
Analyses of .the ·equilibrium phases allowed calculation of 
the individual distribution coefficients, ~ass transfers 
from the aqueous phase to the organic phase and separation 
factors .. f9r each . case. 'l'hese equilibrium data afforded a 
method wh~reby the separation effectiveness of the various 
liquid-liquid systems was compared. From the single 
stage dat{:l the range of the optimum operating conditions 
was estimated for a separation by a multistage extraction. 
These. conditions were tested in a multiple-contact counter ... 
current extractor employing as many as 20 equilibrium 
stages. · A :few· multistage extraction experiments were 
usual ly required to o'Qtain the most effective separation 
conditions. .. 
:'rhe .~que·oqs ·feed was usually a mineral acid solution 
contatil.:tng ·the yttrium and some rare earth Salts to be · 
sepa,rated althQugh basic media in some cases were also 
1nvestigate<L Such . variables in the aqueous phase as pl{, 
acid conc.entration, sa l t concentration, complexing agents 
and ~alt.ing-:out agents were investigated. For the 
organic phase, factors such as acidity, complexing agents, 
diluents and type of organic were found to be important 
in making 1;3eparations.. Relative volumes of the organic 
and aqueo\.t.S :phases were also varied to obtain separation 
data. Since~ ·separation of these salts on a commercial 
scale · is. · QeSil"~<J, the .economics of a process was an · 
impo~t;ant factor in evaluating the practicability of a 
. liquid-liquid system. 
. ·. .. ~ .' . ·. . 
* . . . This 1ntr9dqption .was written for a series of reports 
dealing wit~ a · number of liquid-liquid systems employed in 
separation stud~es. Only one of these systems is treated 
in this report~ The other systems, including zirconium 
from h~fnium and tantalum from niobium, are treated in Reports 
lSC...;693 and lSC-694. 
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An enriched yttrium concentrate and concentrates of 
various rare earths resulted from extractions on the 
yttrium.rare earth mixtures. The use of liquid-liquid systems 
for &eparating these inorganic salts proved useful on a 
labor~tory scale. In a few cases the operations were 
scaled up to pilot plant production where they proved 
equally satisfactory. 
GENERAL HISTORY OF RARE EARTH SEPARATION 
Yttrium,because of its favorable nuclear properties, 
offera materials of interest in connection with the 
development of atomic reactors. The preparation of yttrium 
concen~rates was the objective of the present work. However, 
the associa~ion of yttrium in nature with rare earth elements 
requires that consideration be given to rare earth 
separations for yttrium purification studies. 
. 
The separation of rare earth salts into their pure 
components has puzzled chemists since 1839 when Mosander 
discovered that "ceria 11 in Cerite ore and "yttria" in 
Gadolinite ore were complex mixtures. Although th~re is 
still some di_sasreement, the term "rare earth" or "lanthanide" 
usually i~cludes a.ll the elements of atomic numbers 57 
thr-ough 7~ (lanthanum to lutetium). Although the position 
of yttritJm ·in, the periodic table is not within this range• 
it is chemically closely related to the lanthanides. Rare 
earth ores ordinarily contain yttrium which .cannot be 
readily removed from the lanthanides by simple chemical 
procedures. Consequently;rare earth mixtures from ore 
treatmertts generally contain yttrium. The rare earths are 
generally classified into the heavy and light fractions. 
In ·the light fractions the elements with atomic numbers 
57 to 64Jinclusive, or lanthanum to gadolinium, are 
. g~nera lly inc·luded while the remaining . rare earths 
usua1ly _const1tute the heavy fraction. Separation of the 
lanthanides into these fractions can be accomplished with 
some .overlapping by chemical means. Yttrium is chemically 
near the border line of the two fractions but generally 
follows the heavy fraction. Further separation of each 
fraction into its individual elements is much more difficult. 
Since the lanthanides are very similar chemically, 
progress on their separation has been slow. In 1855 von 
Welsbach introduced the double ammonium nitrate fractional 
crystallization of the light group while in 1900 Demarcay 
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· propo~ed the double magnesium nitrate method qf fr~ct+on~tion 
(1). ' Mo~ll~r and Kremers (2) employed a double sod1\11Jl 
sulf~te precipitation to divide an yttr ium-rare e~rtn 
mixture into ~he 'following three fraqtions: {a) lanth~nqm, 
cerium, pr~seodymium, neodymium ~no sama:r;tum, (b) europil.lm, 
gadoltn~um ' and terbium and (c) dysprosium., yttrj.um., ho'lllliUJP, 
erbium and thulium. Marsh (1) ha~ reviewed tne method of 
:rare eartP. se.paratioh up to 1946. They pr;tmar;tly conslated 
of fractional crystallization of the sulfates or nitrates. 
Since 1946 purific~tion by partial p:recipitat~on or 
fract;ton~l ~rystallization employing Versene complex 
formation (3~4), amino acid complexes (5) , ferricyanide 
precip1tat~on (6), oxalic ~cid precipitation (7), solubility 
of O.x.1cles ~n an ammonium acetate solutiqn (8), precip1t~tion 
with n;ttrilo~cetate (9), carbonate precipitation in a 
tricllloro~cett.\te solution (10) and solubility :i,n pot~s~1'ijm 
ca~bonat~ ~6lution (11 ,12 ) have been repo:r~ed. SeP~r~tloris 
of r~ne ~artb~ by these methods generallY do not s~rv~ 
to readily ~solate any individual pur~ rare earth sa,lts.' 
Some of the treatments show promise as a ·met~od for 
p:repar~ns; QOtM~entrates wh:1.ch could pe used in f"U:rther 
proce~sing by other techn~q~es. Att~mpted separation~ of 
rare . ~~.rtn · e~lt~ by eltlployine; p~per chr9mato$. ~~pny (13--:3..7), 
r~d;tQmetrio· adsorption ( 18) and adsorption on ~l,umlnum · 
ox+d~ {~9) ' 'nave peen reported. Distillation of rare eartn 
chlor~q~~ a~ a poss+ble means of separation wa~ 1nve~tj.gated 
by 1Vi~.kef'Y .(80) . Marsn (Zl) observed th~t f3Qme ra;re · 
eartq· acet.at~s nave no amalgam fq:r~ing power wl'len t't'eat~d 
witq sod~\lq\ amalgam . By this method he separated ijatA.a~iqm 
from gaqol!nium arid neod¥IDium (22), and ytterbium from 
lutet;tum aQd ~hulium (23). As ;1.nd;1.c~t~9 for fr<:lct;t,gnel · 
cry~tal~1~ation none of these methods offer a · mea.'ns to 
effective~y fractionate a complex rare earth salt mixture 
1n~o . ~~s . ~qfe compon,nts. 
In 1947 Spedding and co-workers (24-27) repor~eo tbe 
use of ~on~e~cnange resin columns for separating co~plex 
rare· ~artn salts on a pilot plant scale. In the sa~e year 
~e tel+~ and Boyd (28) and Tomp~ins, Khym and Cohn (29) 
employed ' i<m-exchange resin column~ for separation of 
sele~ted mixtures of rare earth salts. $ince then many 
o~her p~p~~s on r~re earth ~e~aration by ion-~~change 
; column~llave been written (30..,.35). In ~en~ral . this 
t echnique entail~ elutriating the rare earth chlorid.e 
mi~ture th,~ough an ion-exchange ~esin 1 s~ch ~s amberl+te, 
with oitr~c aqid. The order of lanthanide elution was . 
foun~ to be. that of deQreasing atom:1,o nu~be:r while ittrtum 
>-
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appeared in the gadolinium-dysprosium region. Since 
some rare earth concentrates contain considerable yttriu~ 
the capacity of a resin column for the rare earth salts 
is reduced in these cases. The ion-exchange technique 
has aided rare earth salt separation greatly since it 
produces the salts in their pure form. However, the 
rate a~d cost of production of these salts by this 
process has to date limited its scale of operation to 
minor quantities. Consequently, a cheap method for large 
scale fractionation of yttrium and lanthanide mixtures is 
desired .if relatively large quantities of the purified 
components are to become industrially important. 
Since liquid-liquid extraction often permits low-
costJ large-scale production, it was considered as a 
possible method for separating these yttrium and lanthanide 
salt mixtures. The reviews of Bock (36), Quill (37) and 
Wylie (38) stressed the importance of continuous liquid-
liquid extraction for lanthanide fractionation. 
The first use of solvent extraction for rare earth 
salt separation was reported in 1937 by Fischer, Dietz 
and Jubermann (39). They claimed a 50 per cent difference 
in the distribution coefficients of neighboring rare 
earths -when extracting an aqueous lanthanide chloride 
solution with numerous organic compounds (ethers, alcohols 
and ketones). Unfortunately>none of these data were 
published at that time nor have they been substantiated by 
other investigators. An aqueous solution containing a 
mixture of lanthanum and neodymium thiocyanates was 
extracted with n-butyl alcohol by Appleton and Selwood (40). 
They reported low distribution values and a lanthanum-
neodymium separation factor of only 1.06 with the latter 
element favoring the organic phase. Templeton and 
Peterson (41) when distributing a lanthanum-neodymium ) 
nitrate mixture between water and hexano~ obtained a 
separation factor of 1.5 with the latter element favoring 
the organic phase. A further investigation on a nitrate-
alcohol system by Templeton (42) indicated a regular increase 
in extraction with atomic number for all the rare earths 
from lanthanum to samarium>inclusive. 1 Studies on the 
extraction of an aqueous solution of neodymium and erbium 
chlorides with n-butanol indicated little transfer to the 
organic phase and no detectable separation (43). Howeve~ 
for a corresponding rare earth nitrate system,four times 
more material was transferred to this alcohol organic phase 
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with increased separation factors. The presence of 
ammonium thiocyanate in the chloride or nitrate lanthanide 
' system yielded slight l y more transfer but with no 
appreciable change in their separation factors (43). 
In 1952 Peppard, Faris, Gray and Mason (44) reported 
that the extractability of the lanthanides into tributyl 
phosphate from a hydrochloric acid solution or from an 
8.0 to 15.6 molar nitri~ acid solution increased with 
increasing atomic number. The order was inverted for a 
0.3 molar nitric acid aqueous phase. Yttrium was extracted 
between dysprosium and holmium, or the position predicted 
from consideration of atomic radii. Addition of sufficient 
aluminum nitrate or ammonium nitrate caused complete 
transfer of the lanthanides into the organic phase with 
no contamination from most other inorganic salts. Although 
these salting-out agents were useful in separating rare 
earths salts from accompanying impurities, a concentrated 
nitric acid system was superior to this mixed nitrate-
nitric acid phase for separation of individual rare 
earths. For increasing nitric acid concentrations they 
showed that the logarithm of the distribution ratios for 
a given pair of lanthanides diverged; consequentl~ the 
theoretical maximum separation factors required concentrated 
acid. A constant separation factor of 1.9 was observed 
between nearest rare earth neighbors in a 15.6 molar 
aqueous nitric acid medium when extracting the rare earths 
whose atomic numbers were not greater than 67, the limit 
of their work. For a 12 molar nitric acid system the 
separation factors between nearest neighbors was 1.6. 
Since these separation factor relationships were obtained 
from single stage extractions of pure rare earths employing 
only radioactive tracers j their application to high 1 
concentrations of mixed rare earth salts might not be ~ 
valid. It was concluded that any rare earth nitrate-nitric 
acid aqueous solution coul d be divided into two fractions 
by extracting with tributyl phosphate. The compositions 
of these fractions are a function of variables such as 
acidity, flow rates, rare earth concentration and the 
amount of diluent for the organic phase. Separations of 
complex lanthanide mixtur es into two overlapping groups 
were reported using a s i mu l a t ed counter-current extraction. 
Weaver, Topp and Kappelman (45 ) used a Varsol-
tributyl phosphate organ ic phase and a nitric acid-rare 
earth nitrate aqueous system to prepare about a kilogram 
of 95 per cent gado l ini um oxide. The remaining five 
per cent was essentially samarium with a small amount of 
dysprosium and terbium . Howe ver, the lanthanide starting 
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material containe~ in terms of oxides, about 66 per cent 
gadolln1um, 15 to 20 per cent dysprosium, 3.0 to 5.0 per 
oent erbium and 1.0 to 3.0 per cent yttrium plus the other 
heavy rare earths. Two separate experiments employing an 
11 stage York-Scheibel extraction column were required 
for th~s separation with 57 per cent of the total gadolinium 
recovered having a p~rity of 95 per cent. It was also 
, reported that temperature increases resulted in a 
decrease in the total material transferred into the 
organic phase. The lanthanide distribution coefficients 
appeared to be nearly independent of rare earth concentration. 
lnvestigation of the liquid-liquid extraction of a 
samarium and neodymium nitrate mixture dissolved in 12 
molar nitric acid with various Varsol-tributyl phosphate 
compositions was reported by Topp (46). A nearly constant 
separation factor of 2.8 resulted between these two 
elements,although the temperatures and lanthanide 
concentrations were varied. The distribution values for 
these two elements were dependent upon temperature and 
independent of rare earth concentrations. 
ln a report by Bochinski, Smutz and Spedding (47) the 
partial separation of the lanthanide nitrates obtained 
from a monazite sand was discussed. They employed 
tr~butyl phosphate in various dilutions as the organic 
phase. Very little nitric acid was present in the aqueous 
phase. The starting mixture based on the oxides analyzed 
approximately 15 per cent praseodymium, 75 per cent 
neodymium, 6 per cent samarium and 4 per cent gadolinium 
plus minor amounts of others. The aqueous product was 
25 per cent praseodymium, 75 per cent neodymium,while the 
organic phase product contained 48 per cent samarium and 
34 per cent gadolinium plus others as oxides. Separation 
factors~at these low acid conditions were ~eported to 
increase with increasing rare earth concentration but 
were independent of the particular rare earths in the 
mixture. It was also observed that the mass transfer to 
the organic phase was a function of lanthanide concentration 
and virtually independent of lanthanide composition. At 
high rare earth concentrations the per cent mass transfer 
of lanthanides to the organic phase was decreased by 
nitric acidJwhile an increase i n per cent mass transfer 
was reported at low l anthanide concentrations. Aluminum 
nitrate increased the per cent mass transfer to the 
organic phase most at a low rare earth concentration. 
Diluents in the tributyl phosphate were found to decrease 
' 
1 
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both mass transfer to the organic phase and the rare 
earth separation factors. They assumed that for a given 
nitric acid concentration the separation factors were a 
function of the total rare earth concentration and 
7 
completely independent of the lanthanide components. 
Distillation calculations were then employed to determine 
equilibrium equations for predicting the product compositions 
when extracting this multicomponent rare earth mixture. 
All of the reported liquid-liquid extraction studies 
on rare earth separations employing tributyl phosphate 
have been carried out on dilute lanthanide solutions (44) 
or on mixtures consisting essentially of only the light 
rare earths (47, 45, 46, 48). Separation of rare earth 
salts containing relatively large amounts of yttrium, 
dysprosium, gadolinium and the heavy rare earths by liquid-
liquid extraction have not been reported. The report of 
Peppard and co-workers (44) on experiments employing 
dilute solutions indicated that separation of these 
heavier rare earths in high concentrations might be 
possible. In the extraction studies reported here the 
separations of rare earths that were obtained fr.om 
Fergusonite ore, from Gadolinite and from the tailings of 
an ion-exchange column are discussed" The concentration 
and separation of yt·trium from the rare earths was the 
primary objective of this work. However, the close 
association of yttrium with gadolinium and dysprosium 
required a detailed study involving the separation of 
these three elements from one another. 
EXPERI~ffiNTAL DETAILS 
The techniques employed in this investigation for 
the separations of yttrium and rare earth salts dissolved 
in mineral acids involved liquid-liquid extractions. Various 
yttrium-lanthanide salt mixtures, salting-out agents, 
mineral acids and water immiscible organic liquids were 
testedo In some experiments the organic phase was first 
acidified with an equal volume of aqueous phase containing 
only the mineral acid to be used in the extraction. The 
acid concentration in the aqueous phase used for this 
treatment equaled the initial acid concentration of the 
feed solution containing the yttrium-rare earth salt 
mixture. The acid in the organic solution)howeverJwas 
not, after this treatment, at the equilibrium concentration 
to be attained in the extractoro 
8 ISC-695 
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, Th~ a~ueous f~ed sol~tions consisting of yttrium 
a~d r~re e~r~n sa~~~ were us~a~ly pre~ared by d~~solv+n~ 
th~ QX,~g~~ q~~ectly in the mineral aci<;l. However, for 
p~~p~rins ~o~ act41ty feed solutions the hydroxides were 
;f:).r~t ' pre~ipitate<;l wj,th ammonium hydrox;tlle from .a .mineral 
~9id. ~o~~t~on. Aft~r this hy<;lrox~<;le prec+pi~ate was wqshed 
with water to remove , the resid~al ammon~um ions, it was 
d~~so*v.~~ in a m+n~mum ~mo~nt of the desired miqeral 
acid. Th~~ technique was useful in obtaining stable con~ 
centr~teQ. ytt~+u~-rare earth nitrate so~utions having as 
little ~~ Q.06 mol~r free nitric acid. 
Tqe ~c1,d conc~nt~ation of the aqu~qus ~nd 9rganic 
ph~ses con~~inipg no .inorganic salt was determined by 
t~t~at~oq witn .sodlum hydroxide using phenolphthalein as 
the ~nd\qq. ~~W. Hqw~.ver, Pefore analy:;::;ing t;he organic 
phq.se for ;t~ ~cid concentration, ~cetone a:pcl water 
w~re adQ.e~. The former compottnd ~nsure~ a h,omog~neo1-lfil 
Pha~e wni1e the latte~ com~ound a~lows sufficient 
dissoci~t~on of th~ indicator to observe the tttr~t+on 
~n9. PQint .. · 
. +n the pre~ence of the yttrium-r~re earth salt~ and . 
certain ealt~ng-9ut a~e:pt~ phenolphthalein could not b~ 
~~eg as the tndiGator .for determinat;ton of the acid 
oo~centra.tion. BeGause of tqe:l,r reaction with so\:l,iu:m 
nyqrQ~ide~ these rare earth salt~ st~rt to precipita~e 
at · apou~ · a' pH of 4. Consequently~ an a1copolic sol~tion 
Of brom~henOl blUe) WhiCh cna:pges from yell'OW to Ql~e in 
th~ pH range of 3.0 to' 4.6, was employed as the ind!catQr. 
Tne indtca~i~g effect of b~omphenol 91ue was de$tro¥ed 
(prQbably by ads9rption) at the e~d point when bromphenol 
blue was aqded to the aqueo~s solution at the beginning 
of tte titration. rherefore, the indicator was not adqed 
until sufficient sodium hydroxiqe ~as present to form the 
first per~a~ent precipitateo The blue sol~tion was then 
oack-tit~ated with standard acid until the yellow color 
pers:;tsteq for about 60 seconds. This titration was 
reprod~c~ole to within 5 per cent of an average value. 
lt is believed that this technique indicated the free acid 
conceptration within 10 per cent of its actual value. With 
severa4 mixtures of known composit:;to~a ~seudomolecu1ar 
weigh4, oa~ed on the re+ative proportions of each component, 
w~s Galc~lated. This molecular weight permitted the 
determ~nat~on of the number of acid equivalents required 
to react with the mixe~ oxides. Several comparisons 
of these two methods for obtaining tne acid concentration 
: 
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indicated that the values obtained from the bromphenol 
blue titrations were consistently 5 to 15 per cent 
9 
lower than the values calculated from assuming an average 
molecular weight. 
All single and multistage extractions were carried 
out at room temperature. In the single stage t ests the 
organic and aqueous phases were placed in a s epar atory 
funnel and agitated vigorously by shaking for at l east 
60 seconds to insure equilibrium conditions . The 
equilibrium phases were allowed to separate and their 
volumes were then measured. Analytical data on t he 
contents of each phase then permitted calculat i on of the 
yttrium and the rare earth distribution coe f ficients and 
their separation factors. The apparatus employed for the 
multistage extractions of the yttrium-rare earth mixtures 
appears in Figure 1. 
After extraction of the aqueous solution with an 
organic phase> the yttrium plus rare earth content of each 
phase was determined. The yttrium and rare earth 
oxalates were quantitatively precipitated directly from 
the low acidic aqueous phase by addition of a water 
solution of oxalic acid. For the highly ac i d systems) 
ammonium hydroxide was first added to adjust t he pH of the 
aqueous phase to about one. Addition of oxalic acid 
then insured quantitative and rapid precipita tion . 
Asselin, Audrieth and Comings (43) concluded that either 
ammonium hydroxide or oxalic acid gives a quant i t ative 
precipitation of rare earths from aqueous a cidic solutions. 
The oxalate precipitate is slightly granular and conse-
quently can be filtered and washed much easier than the 
gelatinous yttrium and rare earth hydroxides. 
For recovering the yttrium and rare earths fr om 
the organic phase it was found that two separate equal 
volume water scrubs of the organic phase was us ua l ly 
sufficient to back-extract all of the material. However, 
three separate equal volume water scrubs were usua lly 
employed. Addition of oxalic acid to the composit e aqueous 
scrub solutions resulted in the quantitative rec overy of 
the oxalates. A direct oxalic acid precipitation of the 
yttrium and rare earths from the organic phase is possibl~ 
although the addition of acetone is desirable to i nsure 
a homogeneous phase and ease of filtration. It i s 
apparent that such a precipitation from the organic phase 
would probably make the re covery of the organic phase diffi-
cult. In preparation of analytical samples the oxa l ates 
were converted to oxides by calcining at 600 degrees 
Centigrade for at least two hours. 
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Figure 1 - Twenty Stage Countercurrent Liquid-Liquid 
Extractor. 
Analyses of th~ .. ~ c~oxn.pJ.~x oxide mixtu.x•es requlred both 
spectrographic and sp.:.: ::)t:t·c~photnme tric methods o All 
percentages a:c•e exp:r•e15 fled em the basJ.s of an oxide weight 
referred to the total o:x:lde weight of the sample . Some 
results were obtained l?.~om a. se:t .. i.es c;.f' analyses on similar 
samples and, consequen.tly $ !'~present an average .value. 
A spec trophotometr:te. mt.~thod s:Lm.ilal" to that proposed 
by Moeller and B:r:•antley ( .l~9) was used to analyze the 
complex rare earth tnixtur""s for the oxide percentages of 
samarium, praseodymium, neod.;srmi.um and dysprosium . This 
method required abou.t 0 . 2 gl~am of' the rare earth oxide 
mixture dissolved in 10 . 0 milliliters of a 10 per cent 
aqueous solution of hyd!'O(~hloric acid . When employing a 
one centimeter spectr•ophc.:>tometr1.c cel1 in the rare earth 
analyses, the lower limits of det~ction were about 0.3 
per cent for praseodymi.um., 0 . 5 per cent for neodymium 
and 1 per cent f'or samarium. and dysprosium . 'Ihis procedure 
is believed to be a(.!CUl"a te to w:t thi.n ± 5 per cent of the 
total content of dysprosium.r; neodymi:um Ol" p:t•aseodymium 
and ± 10 per cent of the samarium . The presence of minor 
amounts of other rar•e ea1•tho and common impurities should 
not alter these vall:t.es (50) beyond these linli ts of error. 
'Ihe spectrog!•aphio metrwd of Fassel (51) was employed 
for analyzing the complex oxide mixtures foi' percentages 
of yttrium oxide and gado11nhur. oxide. 'Ihis procedure 
required addition of' eerie oxide as an internal standar•d 
to the complex yttrium-:r;:•are earth oxide mixtu1•e . A 
standard deviation of ± 2 .5 per cent 1.1·ith a lower limit 
of detection of about 3 . 0 per cent for gadolinium oxide 
and for yttr•ium. oxide was r•eported for this method . All 
qualitative analyse::; of the ytt:r·iu.m-raz"'e earth mixtures 
we1,..e also done by spf)Ctl"ogr a.phic techniques . 
1. 
RESULTS AND DISCUSSION 
§~IJ?-I'ation of' tr.te yttrium and rare earths obtained 
frOin the ion-exehange ~ ol tnnn tailings 
(a) Introduction. In the ion-exchange method employed 
by Spedding ( 30-32 y-ror producing pu!'c rare earth salts, an 
yttrium-lanthanide chloride mixture constitutes the charge 
for the resin colmrms o 1'he rare earths and yttrium pass 
11 
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tn~oqgq ~he column as a series of separ~te bands which 
ar~ CQlle9teo individuallY with some overlapping. ~he 
heavie~t of the rare earths emerge from the col~mn 
first~ After holmium and ~orne of the dysprosium nas 
qeen ' collected yttrium appears in the product. When the 
yttriu~~;~~~hanide fraction from G~dolinj.te ore composed 
th~ initial mixtur~ , yttrium oxide constituted more than 
?0 P~r c~qt Qf the total weight. In many cfses only the 
proq~ct~on of heavy rare earth salts was desired in the 
work of ~pedd1n~ and co-workers. Consequentlylyttrium and 
th~ r~maining light rare earth salts were stripped from 
the columns as a com-posite product. These column 
~trip~in~s, or tailings, were available and served as 
ope r~ch source of ~ttri~m fqr the present investigation. 
~h~ partlal composition of the column tailipg yttrium-
lant,~~niqe mixture appears in Table l unoer tne heading 
"in1t:t,.al Ber-cent~ge. '1 'l'he un~cc'i:>Unted fol';' materj.al in the 
mi~t~r~ 1s probqblr lanthanum, cerium, and perhaps a small 
amo~n~ or heavy rare earths. 
A method was desired in whiCh ·most of the yttrium 
could be cheaply a~d rapidly removed from this light 
rare ,eafth fraction. The recovered light rare earth 
fraction lo' in yttriumJcould then be employed as a 
ch4rge, f6r anotner ion-exchange column process to prepare 
th~ inoividual light rare earths, Such an increase in 
th~ p~r q~nt of light rare e~rtns per charge would at 
least double the production rate for pure light rare earth. 
~alts fr9~ a given c.o+umn. 
According to the report of Peppard and co~workers (44), 
ang f't;•om th.e &nalysis of this mixture, the separation of 
yttriu~ and dysprosium from gadolinium ·should result in 
a oonc~ntrated light rare earth fraction. Since ma~i~~m 
rare earth separation factors were reported at high 
nitric ~cid conc~n~ration~an aqueous nitrate solution 
of the column tai lings containing 13 molar nitric acid 
was emplo~ed for the first extraction. Highly acidified 
tributyl phosphate c~nstituted the organic phase. 
In order to quickly estimate the nitric acid concen-
tration in the aciQified organic phase a series of 
e~tractions was qarried out in which pure tributyl 
pho~ph.ate wa~ contacted with an eq~al volume of aqueous 
phases containing various nitric acid concentrations. The 
equilibri~m phases were titrated for nitric acid concentration. 
., 
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Figure 2 shows the equilibrium nitric acid concentration 
in the two phases. From Figure 2 it is apparent that a 
13 molar nitric acid aqueous phase is in equilibrium with 
tributyl phosphate containing a nitr~c acid concentration 
of about 5.0 molar. 
Table 1 
Analysis of the Mixtures from the Column Tailings Before and 
after the Multistage Extraction 
Component Initial Product phase percentage 
percentage Aq. Org. 
Pr60ll 2.0 3.4 N.D. 
Nd 2o3 7.6 22. N.D. 
Sm203 5.7 16 0 N.D. 
Gd~03 8.4 22. N.D. 
Py203 4.0 4.4 2.4 
Y203 66. 24. 91, 
-
Total 93.7 91.8 93.4 
--N.D. .. Not detected 
(b) Single stafe extractions of the ion-excha~e column 
tailin~s. Several s ngle stage extractions were carrfed out 
to aid in ~electing the proper flow rates to use in the 20 
stase extractor. The aqueous phase which was 13 molar in 
n~tric ~cid contained the equivalent of 52 grams of the 
oxides ~rom the tailings per liter. Various relat~ve volumes 
of the tributyl phosphate which was 5.0 molar in nitric 
acid was employed as the organic phase. Table 2 contains 
the results of these extractions. 
It is apparent from Table 2 that the gadolinium-yttrium 
separation factors and the per cent mass transfers increased 
with the increased organic to aqueous phase volume ratio. 
According to Peppard and co-workers (44), who obtained 
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distrib~tion data on dilute solutions of the pure rare 
earth salts, the gadolinium-yttri~m separation factor 
should Qe aQout 5.0 for a nitric acid concentration of 13 
molar. This value is being approached as the concentratlons 
of the rare earth salts in the equilibrium phases decrease. 
Table 2 
Single Stage Extraction Data for Separating the Yttrium-Rare 
E~rth Nitrates Obtained from the Column Tailings 
Org./ % Equil. anal. Dist. Gd-Y 
aq. 9xide % Gd2o3 % Y203 coef. sepn. vol. weight Kad Ky factor 
in Aq. Org. Aq. Org. 
org. 
1 72.1 10.6 6.2 33 67 1.51 4.97 3.29 
3 89.5 5.9 8.3 15 67 3.92 13.6 3.47 
9 97 .4 3.6 8.6 5.9 64 9.87 44.7 4.53 
·-----
(c) Multistage extrac tion of the ion-excnange column 
tailing~. Since this original mixture contains 66 weight 
per cent yttri~m oxide and 4 per cent dysprosium oxideJ it 
is apparent from the mass transfer data in Tabl~ 2 that 
nearly equal volumes of the organic and aqueous phases 
are required for a desirable split of these two elements 
from the lighter rare earth portions. Consequently, a twenty 
stage counter-current extraction was carried out in which 
four volumes of organic~ one volume of aqueous feed and four 
volumes of aqueous scrub were added for each cycle of 
operatign. The aqueous feed contained the equivalent of 
267 grams of the oxides per liter. It is apparent that when 
the one volume of aqueous feed mixed with the four volumes 
of aqueo~s scru~ a concentration equivalent to about 53 
grams of oxides per liter resulted. Both the aqueous feed, · 
introduced at stage 11, and the aqueous scrub, introduced 
at stage 20, were 13 molar in nitric acid. The organic 
phase was tributyl phosphate which had been pre-equilibrated 
with 13 molar nitric acid. It was added to the extractor 
at stage 1. The relative flow rates from stages 1 to 11, or 
the organic scrubbing section~ were five volumes of aqueous 
!~u!~~~ ~~;~~~~n~fs~~~~~~/ ;h;~: ~~0~n=t~~~~m!2r!~i~0~x~~t!~~ 
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This extraction was carried out for 176 cycles)although 
steady state based on the gadolinium and yttrium analyses 
and total oxide concentration was reached at about the l50th 
cycle. About 65 cycles and 100 cycles, respectively, of 
operation were necessary for gadolinium and yttrium to 
reach the aqueous outlet end of the extractor. Yttrium 
appeared in the organic product in the early stages of the 
extraction. Steady state analyses of the organic and 
aqueous product phases appear in Table l. 
The mass transfer of material to the organic product 
phase was about 60 per cent of the total weight as 
oxides. As indicated in Table l, the organic product 
phase was primarily yttriumJalthough a small amount of 
dysprosium was also present. On the other hand, the aqueous 
product phase contained almost a quantitative recovery of 
the light rare earths. Consequently, this extraction 
based on oxides yielded a 90 per cent recovery of yttrium 
which was 91 per cent pure and about a threefold increase 
in the concentration of the light rare earths. 
The results of this multistage extraction agree in 
~eneral with the ideas presented by Peppard and co-workers {44). It is apparent that as the atomic number of the 
rare earths increase their preference to be extracted 
from a highly concentrated nitric acid solution by this 
organic phase also increase. For extracting a 13.0 
molar nitric acid aqueous solution of rare earths and 
yttrium with a nearly equal volume of tributyl phosphate 
the rare earth phase preference should have reversed 
between element 61 and 62 according to Peppard and co-workers (44). However, the change in phase preference appeared 
just above the element with atomic numbers 66, or 
dysprosium. This deviation from the ideal predicted 
position was probably caused by the increased salt 
concentration. Peppard 1 s distribution coefficients were 
obtained by extracting very dilute solutions of pure 
individual rare earth nitrates. The presence of the 
large amount of yttrium with the rare earth mixture 
might also cause a shift in individual distribution 
coefficients. 
The results from the stagewise analyses of the 
aqueous and organic phases for total oxide, gadolinium 
and yttrium concentrations at steady state conditions 
appear in Figures 3, 4 and 5 . From Figure 3 it is apparent 
that in many stages the concentration expressed as oxide 
LL. 
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was greatest in the organic phase. This was expected 
since yttrium1 which prefers the organic phas~ constituted 
more than half the starting mixture. Little variation in 
concentration in either phase took place in stages 6 to 
ll;1nclusive)but at the ends of the extractor sharp decreases 
in concentrations appeared. This indicates that refluxing 
both the organic and ·aqueous product liquids would be 
·useful in obtaining more highly concentrated products. 
From Figure 4 it can be noted that gadolinium was not 
present ~n the organic phase beyond the feed stage, stage 
11. Since this element was detected in the aqueous phase 
up to stage l6 1 there must have been gadolinium in the 
equilibrium organic phase to at least this stage. 
Evidently the amount of gadolinium in the organic phase 
from stages 12 to 16 was below the limit of detection 
(less than 3.0 per cent) by the analytical method employed. 
As is indicated by Figure 5, this condition did not exist 
for yttrium. It is also evident from Figures 4 and 5 
that on a concentration basis yttrium favored the organic 
phase in every stage while gadolinium favored the aqueous 
phase in every stage except in stage one. The sharp 
decrease 1n the yttrium and gadolinium concentration at 
the ends of the extractor could probably have been 
prevented by refluxing. 
The d~stribution coefficients and separation factor 
for gadolinium and yttrium as a function of stage number 
were calc~lated from t he data in Figures 4 and 5 and 
platted in Figure 6. Since gadolinium was not detected in 
the organic phase be~ond stage 11, a distribution value 
could not be calculated past this stage. It is apparent 
from Figure 6 that only a small deviation resulted for 
· the distribution values and for the gadolinium-yttrium 
separation factor from stages six to llJinclusive. Since 
the concentration data for total oxides, gadolinium oxide 
and yttrium oxide appearing in Figures 3, 4 and 5 also 
indicated litt .le change in these stages, it appears that 
the extractor might be shortened about six stages while 
obtaining the same resul ts. Figure 6 also indicates that 
the gadolinium-yttrium separation factor reaches a 
maxim~m value of about 3 .3 when the gadolinium oxide 
concentration ha s a maximum value in the aqueous phase. 
This multistage extraction was successful in concen-
trating an yttrium oxide fraction analyzing 66 per cent to 
one analyzing 91 per cent and at the same time concentrating 
the light rare earths of t he i nitial fraction by almost 
q:- 50 ~ORGANIC SCRUBBING SECTION ·!• f •I• AQUEOUS SCRUBBING 
~ . .:>, - FEED SECTION 
~ STAGE 
u.; 
'?' 
0 
1- , 0 <t: "-T. 
cc 
~ c;_ 
· w 
(/) 
0 
~ 3.0 
U> 
!-
z 
w 
~ 2.0 
* f u ~ 
z 
0 1.0 
1-
::J 
OJ 
~ 
~ 
~ 
~,. Y- Gd 
KGd 
0 0.0 ~----~--~----~----~----~----~----~~--~~--~~ 
. I 
Figure 6 - Yttrium and Gadolinium Distribution Coefficients and 
their Separation Factor as a Function of Stage Number. 
H 
(/) 
0 
I 
0'1 
\0 
01 
1\) 
t-' 
22 ISC-695 
threefold. Since only 60 per cent of the total oxide 
weight was delivered by ' the organic product phase, better 
results would probably be obtained by increasing the 
organic phase volume by about 20 per cent per cycle. The 
conditions employed for this multistage extraction were 
approximately the same as those listed in the first single 
stage extraction reported in Table 2. However, the yttrium 
and gadolinium distribution coefficients as well as the 
over-all mass distribution were different while their 
separation factor was quite similar. This indicates that 
the single stage extraction data sometimes serve only 
as a means of estimating the conditions to be employed 
and results to be expected in a multistage extraction. 
Although the maximum separation of yttrium from these 
light rar~ earths was not expected in this first 
multistage extraction, these results indicate that liquid-
liquid extraction would certainly be useful for concentrating 
both the yttrium and the light rare earths from their 
mixtures. 
2. Concentration an~ separation of yttrium and rare earths 
obtained from Fergusonite ore 
(a) Introduction. The results from extracting the 
ytt~ium-rare earth mixtures from the ion-exchange column 
tailings indicated that light and heavy rare earth fractions 
should easily be obtained by processing complex lanthanide 
mixtures. Further separation, assuming proper adjustment 
of such variables as acidity, concentration and flow 
rates, should also be possible by application of liquid-
liquid extraction. Consequently, the yttrium-rare earth 
concentrate from Fergusonite ore, which is mined near 
Kingman, Arizona, was separated into several fractions by 
this method. · 
Fergusonite ore, which is slightly radioactive, is an 
oxide composed essentially of yttrium, rare earths, 
niobium and tantalum. _ The yttrium-rare earth oxide 
mixture constitutes about 25 per cent by weight of the ore 
while the niobium and tantalum oxides constitute approxi-
mately 40 per cent. The rare earth fraction from this 
ore is relatively high in gadolinium. The yttrium-rare 
earth oxide mixture is composed of about 50 per cent 
yttrium and contains only small quantities of the heavy 
rare earths. It is shown here that a preliminary separation 
of yttrium plus the few heavy rare earths from gadolinium 
and the other light rare earths could be accomplished by 
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liquid~liquid extraction. The heavy and light lanthanide 
fractions which could also constitute charges for an 
ion-exchange column were separated further by other 
e~tractions. 
(b) Processing of Fergusonite ore. The fusion of an 
alkali mixture in the presence of Fergusonite ore was 
used to render this mineral in a soluble form. A suitable 
charge consisted of 10.0 grams of finely ground ore, 8.0 
grams of sodium hydroxide and 4.0 grams of sodium peroxide. 
Grinding the ore resulted in a smaller amount of unreacted 
material. This mixture was heated in a stainless steel 
crucible for about 30 minutes at approximately 650 degrees 
Centigrade. After allowing the fusion product to cool, a 
hot 1.0 molar sodium hydroxide leach was employed to 
remove much of the aluminum, tin and silicon. This basic 
liquid was filtered and the remaining solid mass leached 
with boiling 3.0 molar nitric acid for about ten minutes. • 
When this acidic liquid was filtered, oxalic acid was 
added to the filtrate to precipitate the yttrium and 
rare earths as oxalates. The liquid obtained from 
filtering these yttrium and rare earth oxalates contained 
iron, aluminum, titanium, manganese, magnesium and calcium 
and a radioactive material. This radioactive substance is 
believed to be uranium. The material, which did not 
dissolve in either the sodium hydroxide or the nitric 
acid leaches, was treated with concentrated hydrofluoric 
acid to di~solve the niobium and tantalum fraction. The 
unreacted ore remained and was recovered as a residue 
since it is relatively inert to these three leaches. 
Table 3 gives the relative weights as oxides in each 
fraction from the leaching treatments while Table 4 shows 
the quantitative and Table 5 the qualitative analysis 
of the yttrium-rare earth concentrate. The total minor 
impurities probably do not constitute more than three 
per cent of the entire. weight. 
(c) Single stage extractions of the yttrium-rare earth 
concentrate from Fergusonite oreo The multistage extractions 
of the yttrium-rare earth mixture obtained from the ion-
exchange column tailings showed that a concentrated nitric 
acid medium tended to concentrate the light rare earths 
and yttrium fractions in different phases. This was 
accomplished in a system having a gadolinium-yttrium 
separation factor of about three. Because of the excessive 
cost and corrosiveness of concentrated nitric acid, single 
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Taole 3 • I 
Wel~nt~ qr V~r~ou~ PraotioQs fro~ a Ca4~t1c ~u~ion ~reatme~t 
, of 19.01 Grams of Fer~usonite Ore · 
. " . ~ . 
Qperatj,on 
l. Sol~qle in ~aO~ leacn 
2. 
t 
~. S~t'-lPl,~ ;i,Q. IU' lea en 
~- +q~pl,~bl~ (unreact~d Qr~) 
Total 
Oxide, 
Weight 
2,..51 g. 
3.99 g. 
0.5) g. 
9.97 g. 
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Table 4 
Partial Analysis of the Yttrium-Rare Earth Oxide Concentrate 
from Fergusonite Ore 
Component 
Pr6011 
Nd2o3 
s ·m2o3 
Gd2o3 
Dy203 
Ho2o3 
Er2o3 
Yb203 
Y203 
Analysis (wt. %) 
2.0% 
10.0% 
10.0% 
11.0% 
7.0% 
( 1.0% 
< 2.0% 
< 2.0% 
50.0% 
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Table 5 
Qualitative Analysis for Common Impurities in the Yttrium-
Rare Earth Concentrat~ from Fergusonite Ore 
Element Analysis Element Analysis 
Ca w Nb w 
Cu w Si vw 
Cr w Sn VVJ 
Fe w Ti 
Mg vw Ta 
Mn vw Zr lfj 
Na w 
H - Weak. 
VH - Very weak. 
- Not detected. 
ISC-695 
stage extractions employing less acidic conditions were 
carried out and the results compared with those for the 
highly acid systems. Various mineral acid s ys t ems, 
27 
effe cts of hexone and tributyl phosphate and additions of 
ammonium thiocyanate were investigat ed. The yttrium-rare 
earth fraction from Fergusonite ore was disso lved in the 
proper aqueous phase and then extracted with an equal volume 
of the organic phase in each case. Only the gadolinium-
yttrium separation factor was determined as this value 
was assumed to give a good indication of t he trends for 
the other components in the system. 
In Table 6 the equilibrium data appear for single 
stage extractions employing tributyl phospha t e which had 
be en pre-equilibrated with an equal volume of 6.0 molar 
nitric acid. The initial aqueous feed phase was 6.0 molar 
in nitric acid and contained the equivalent of 100 grams 
of total oxides per liter. Various amount s of hydrochloric, 
acetic or sulfuric acid were added to the aqueous feed 
phase before the extraction. 
From the data in Table 6, it is apparent tha t the 
gadolinium-yttrium separation factor for the 6.0 molar 
nitric acid system was 1.37. This value is l ess t han 
one half of that obtained from an extraction employing a 
concentrated nitric acid system and the ytt r ium-rare 
earth mixture from the column tailings. These data 
indicate that a de crease in the nitric acid concentration 
decreases the separation factor as report ed by Peppard 
and co-workers (44). It is also apparent tha t f or 
extracting this 6.0 molar nitric acid medium the mass 
transfer to the organic phase, as well as the ytt rium 
and gadolinium distribution coefficients, were considerably 
lower than those for extracting the 13.0 molar nitric 
acid system. However, since these distribution coefficients 
and separation factors were obtained for slightly different 
mixtures and at a different total concentration, only a 
qualitative comparison is possible. 
Addition of hydrochloric acid to the initia l aqueous 
phase resulted in a definite increase in the gado lini um-
yttrium separation factors while not essentia lly affect ing 
the mass transfers to the organic phase. This increase in 
separation factor is probably due somewhat to the 
increased acidity of the aqueous phase, although the r apid 
increase up to about 1.0 molar hydrochloric acid i ndi cates 
that the presence of small amounts of chloride i ons may 
also be significant. 
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Table 6 
Effect of Acid Addition on the Single Stage Extraction Data 
for Yttrium and Rare Earths from their 6.0 IvJ. HN03 Solution 
(Yttrium-Rare Earth Fraction from Fergusonite Ore) 
f 
) 
Init. aq. phase Equil. anal. Dist. Gd-Y 
Cone. % coef. sepn. 
of oxide factor 
Acid acid wt. 7~ Gd203 % Y203 KGd Ky 
added added in 
'( m.) org . Aq. Org . Aq. Org . 
0 35.1 13.3 9.9 51 51 0.38 0.52 1.37 
HCl 0.50 34.9 15.4 10.5 52 58 0.34 0.55 1.62 
HCl 1.0 33.3 13.7 9.4 50 61 0.32 0.57 1. 78 
HCl 2.0 37.3 13.6 8.8 48 57 0.34 0.64 1.88 
HAc 0.50 37.1 13.6 9 .7 48 58 0.39 0.67 1. 72 
. 
HAc 1.0 35.8 13.4 9.1 49 58 0.36 0.61 1. 70 
.. 
HAc 2.0 39.1 13.6 9.3 49 55 0.40 0.66 1.65 
HAc 4.0 44.7 13.8 10.0 48 59 0.52 0.74 1.42 
H2so4 0.25 33 .3 15.3 9.5 50 57 0.29 0. 5'5 ' 1.90 
H2so4 0~50 32.0 15.3 9.4 49 58 0.27 0.53 1.97 
H2S04 1.0 32.0 16.4 8.0 53 61 0.21 0.50 2.38 
H2so4 2.0 22.0 12.8 7.6 49 61 0.15 0.33 2.20 
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The addition of acetic acid to the initial aqueous 
phase resulted in some unexplainable effects on this 
nitric acid system. In general, as the concentration 
29 
of acetic acid increased, the mass transfer to the organic 
phase also increased. Addition of a small amount of 
acetic acid to the initial aqueous phase resulted in a 
large increase in the gadolinium-yttrium separation 
factor. On further addition of this organic acid, the 
value decreased until at 4.0 molar acetic acid the separation 
factor was nearly equal to that obtained for the pure 6.0 
molar nitric acid system. No explanation can be given 
for these results although it is evident that the presence 
of excess acetic acid decreases the gadolinium-yttrium 
separation factor. 
When sulfuric acid was added to the 6.0 molar nitric 
acid system, the mass transfers to the organic phase 
definitely decreased while the gadolinium-yttrium separation 
factors generally increased. The holdback effect of 
sulfuric acid did not become appreciable until a concen-
tration of 2 molar was reached. Although this sulfate-nitrate 
system yielded a gadolinium-yttrium separation factor as 
high as 2.4, the decrease in mass transfer indicates that 
a high relative organic solvent rate would be required in 
a multistage liquid-liquid extraction of such a system. 
, Table 7 contains the single stage data from extracting 
an all chloride system. The yttrium-rare earth fraction 
from Fergusonite ore was dissolved in varying amounts of 
hydrochloric acid to give a solution containing the 
equivalent of 95 grams of oxides per liter. Since very 
little hydrochloric acid will dissolve in tributyl 
phosphate, the organic phase employed for these extractions 
was not pre-equilibrated with acid. 
It is apparent from these data that as the concentration 
of hydrochloric acid increases, the per cent mass transfer 
to the organic phase also increases, while the gadolinium-
yttrium separation factors remain essentially constant. 
Comparison of the data for the all nitrate and all chloride 
systems show that approximately six times more material 
was extracted by the organic phase from the corresponding 
nitrate system. The gadolinium-yttrium separation factor 
was also substantially higher for this nitrate system. It 
is apparent from these data that the nitrate system is much 
more effective than the chloride system for the separation 
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of yttrium from gadolinium. This generality has been 
reported by other investigators (43, 40) while employing 
alcohols, esters, ketones, ethers and hydrocarbons as the 
organic phase and extracting mixtures of lanthanum and 
neodymium (40) and neodymium and erbium (43). 
A single stage extraction of the 6.0 molar hydro-
chloric acid solution of yttrium and rare earth chlorides 
was carried out with pure methyl isobutyl ketone (hexone) 
constituting .the organic phase. Only 1.34 per cent of the 
material was transferred to the organic phase with a 
gadolinium-yttrium separation factor of only 1.02. When 
3.0 molar ammonium thiocyanate was added to the initial 
aqueous yttrium-rare earth chloride solution, a similar 
single stage extraction was carried out. At equilibrium, 
a ·mass transfer of 3.04 per cent of the total weight was 
detected in the organic phase with a gadolinium-yttrium 
separation factor of only 1.01. These extractions indicate 
that tributyl phosphate yields greater mass transfer to 
the organic phase with a higher gadolinium-yttrium 
separation factor than hexone under similar conditions. 
Table 7 
Effect of HCl Adqition on the Single Stage Extraction Data 
for the Yttrium-Rare Earth Chlorides Employing 
Tributyl Phosphate 
(Yttrium-Rare Earth Concentrate from Fergusonite Ore) 
HCl % Equil. anal. 
cone. oxide 
in aq. wt. in % Gd 2o3 % Y203 phase org. 
(m.) Aq . Org. Aq. Org. 
2 2.60 12.0 * 51 * 
4 2.78 12.5 11.5 54 42 
6 5.47 13.0 11.5 53 44 
8 7.70 12.5 11.3 54 43 
10 7.40 13.0 10.5 52 40 
*Insufficient sample for analysis. 
Dist. coef. 
Gd-Y 
sepn. 
Kact Ky factor 
.0268 .0224 1.20 
.0465 .0433 1.07 
.0703 .0620 1.14 
.0618 .0590 1.05 
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They also indicate that ammonium thiocyanate 1 although 
increasing mass transfer to the organi~does not aff~ct 
the gadolinium-yttrium separation factor. These 
generalities were reported by other investigators (43,40) 
employing alcohols as the organic phase. 
(d) Multis tage extractions of the xttrium-rare earth 
I 
fraction, fro~ Fer~usonite ore. The single stage extractions 
with tributyl phosphate 'employing a concentrated nitric 
acid aqueou~ solution containing the yttrium-rare earth 
nitrates gave the most effective separation of yttrium 
from gadolinium. lt is implied here that this system is 
also e~fective in separating the heavy rare earth fraction 
from the light rare earth fraction. Consequently, some 
of the multistage liquid-liquid extractions of this 
mixture from Ferg~sonite ore were carried out under 
con~itions derived from these single stage extractiQQS. 
The 20 stage extractor illustrated in Figure 1 was used 
for all multistage extraction~. The initial conditions 
and results of each extraction appear in Table 8. Stage 1 
was used 1n each extraction for introducing the organic 
phase ,and delivering the aqueous proouct phase. The 
aqueous scrub phase entered and the organic product 
phase left the e4tractor at stage 20. In all multistage 
extractions except the first one, the aqueous f eed was 
added a t ~tage 11. Stage 5 was used in this first 
extraction. Tributyl phosphate acidified with nitric acid 
was the organic phase in each case while a nitric acid 
solution of the yttrium-rare earth nitrates constituted 
the aqueous phase. The table gives for each extraction 
the analysis for yttrium and part of the rare earths, as 
well as the total equivalent oxide concentrations 1 the 
acidit i es and the flow rates for all the influent s. For 
the product phases, or effluents, the steady state yttrium 
and partial rare earth analyses, the total equivalent 
oxide concentrations and the volumes delivered are 
given . In operating the extractor there is a five 
to ten volume per cent carry-over of the organic phase 
by the aqueous product phase. Since this carry-over was 
not included in the material balance, a quantitative 
recovery of all material was not indicated by these data. 
Table 8 
.St~<Jdy State Ana1ys2s for the Multistage Extractions of the Yttr ium-Rara Earth Concen-
tra t e from Fergusonite Ore by Tributyl Phosphate 
£~-~t. ~ 
Oxlde HNO~ Flow Equil. anal. (wt. 7b) % 
c o:1c. con~. rate of 
no . Pr6011 Nd?03 Sm?O~ Gd2o3 Dy o3 Y~O pro~ (ml./ - - - 2 c 3 duct 
_ C;./1.) (m.) cycle) rep 1t . 
Influents 
~ . .:--.. ' 
i \ Cl s :.~ec; 195 13 J.O.O 2.0 10.0 10.0 11,.0 7.0 50 90.0 
.. \q . scrLlb 0 13 15.0 
., 
v:.."'g. scrub 0 5.0 30.0 .L 
Effluents 
-· ___,_ 3:- h 24 . 0 4.3 . 19.7 17.2 19.0 6.8 21 88.0 ;\ -~. pr~oa . ?•..i ---
O:rg* 1:rrods 40 .7 --- 27 .0 N.D. N.D. N.D. N.D. 7.2 80 87.2 
% I 
of 
oxide 
'lj<Jt. 
44 
56 
--------------------------------------------------------------------------------------
I2 f1:.;ents 
--- ~-. .... ' ,..... ,.., 5 ~ t tJ .e .!. e =-::U c:::u 
.\ ...;. zcr·ub 0 
2 or:s. scrub 0 
f~ft luent.::. 
38.9 
39.6 
>';·_)t cle t : ; ;.~~nirlAd. 
_ .• .1.' -~ :.: ~ ::) t ~:1 ·:; :t _:..;.; \.; .. ~cd . 
13 
. ·~ 
.L) 
~ :"'\ 
• .1 ,\, .... 
10. 0 
1:). 0 
25 .0 
25 .0 
24 .5 
2.0 10.0 
4.0 20.7 
N.D. N.D. 
10.0 
22.3 
N.D. 
11.0 
21.3 
N.D. 
7.0 
9.0 
6.3 
50 90.0 
24 101.3 
82 88 .3 
50 
50 
w 
I\) 
H 
rn 
0 
I 
0\ 
\.0 
\Jl 
Ext. 
no. 
3 
8xide 
CC·nC. 
(g. /2. .) 
Influents 
Aq. fee d 100 
Aq. scrub 0 
Org. SC:>Ub 0 
Effluen t s 
Aq. prod. 29.9 
Org. prod. 9 .8 
T;:;...., : ., 8 \1 .-· -· ~· .... inl l "'-dl '.,<\...,~ '-· • v ....... '"' ..... -- 1 
7. ~ . , ( t ~--~ ) j J 
.:::.. q :..n1 . 2 n a .!. • \ w , ,.; 0 f 
HNJ3 Flow . Y 0 oro -
ccnc . rate Pr601l Nd203 Srn203 Gd203 Dy203 2 ~ ~uct 
\ ( :n l I ·-- _, _:' G [); t . ( r.1 • ;_ -~YGl~-
8.0 10.0 2.0 10.0 10.0 11.0 7.0 50 90.0 
8.0 15.0 
3.9 25.0 
---
25.0 2.3* 12.6 12.5* 12.5 8.9 46 94.3 
---
24.5 N.D. N.D . N.D. N.D . 5.3 71 76.3 
-~ ;·o 
of 
oxide 
~·l t . 
31 
19 
--------------------------------------------------------------------------------------
* 
Influe nt s 
Aq. fe 8d 105 
Aq. SC:'Ub () 
4 Org. scrub 0 
Eff1ue~ts 
Aq. prcd . 38.4 
Org. prod. 3.2 
Inf1ue nts 
Aq . f ee -l 100 
Aq . s~ .Pu'o 0 
5 Org. 3crub 0 
Effli..1e:1 ts 
Aq. prod. 
Org. prod . 
37.5 
1.3 
Calculated va lue. 
6.0 
6.0 
3.0 
---
. ---
2.0 
2.0 
0.8 
10.0 
15.0 
20.0 
23.8 
17.0 
10.0 
15.0 
20.0 
24.8 
18.5 
2.0 10.0 
2.0* 9.3 
N.D. N.D. 
N.D. N.D. 
N.D. N.D. 
N.D . N.D. 
10.0 
9.1 
N.D. 
N.D. 
N.D. 
N.D. 
11. 0 
12.6 
N.D. 
N.D. 
?J • D • 
:-I 8 D. 
7.0 
7.5 
N.D. 
'7 ? I •-
7. 2 
~l . D. 
50 
..-~ 
""' ~ ---~ 35 
·:: .. -: 
•-' "' 
~..., 
t.j 
~· , -"\ 
~~ .. -' ~ 
90. <) 
93.5 
35. C 
sr .z 
90 . 2 
•J 
94 
~- , ,.. 
?.0 
]3 
:2 • ..L 
H 
(/) 
0 
I 
0\ 
\.0 
Vl 
VJ 
VJ 
Table 8 (Continued) LV ~ 
Oxide HN03 Flow 
Equil. anal. (wt. %) % % 
of of Ext. cone. rate cone. Pr6o11 Nd2o3 Sm2o3 Gd2o3 Dy2o3 Y203 pro- oxide no. duct wt. (ml./ 
(g./1.) (m.) eye le) rep 1t. 
Influents 
Aq. feed 112 6.0 10.0 N.D. N.D. N.D. N.D. 7.2 83 90.2 
Aq. scrub 0 6.0 15.0 
6 Org. scrub 0 3.0 20.0 
Effluents 
.Aq. prod. 38.6 --- 23.7 N.D. N.D. N.D. N.D. 6.9 88 94.9 94 H 
Org. prod. 2.91 18.9 N.D. N.D. N.D. N.D. N.D. 53 53.0 5.7 C/.) 
---
0 
I 
-------------------------------------------------------------------~------------------ 0\ Influents \0 
Aq. feed 90.0 7.0 10.0 N-.D. N.D. N.D. N.D. 6.3 82 88.3 \J1 
Aq. scrub 0 7.0 15.0 
7 Org. scrub 0 3.2 20.0 
Effluents 
Aq. prod. 31.5 
---
23.2 N.D. N.D. N.D. N.D. 7.3 85 92.3 91 
Org. prod. 3.96 --- 17.8 N.D. N.D. N.D. N.D. 4.0 66 70.0 8.8 
----------------------------------------------~-----------~-----~---------------------Influents 
Aq. feed 50.0 15.0 10.0 2.3* 12.6 12.5* 12.5 8.9 46 94.8 
Aq. scrub 0 15.0 15.0 
8 Org. scrub 0 5.0 20.0 ~ 
Effluents 
Aq. prod. 4.37 
---
24.3 10.4 67 1.6 N.D. N.D. N.D. 79.0 23 . 
Org. prod. 21.2 
---
17.0 N.D. 1.0 11.8 17.9 9.3 55 95.0 77 
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Multistage extractions one to four employed the nitric 
acid solution of the yttrium-rare earth concentrate from 
Fergusonite ore as the aqueous feed while three of the 
remaining four multistage extractions used the products from 
the first four extractions as their feed mixtures. The 
first two extractions employed a nearly concentrated nitric 
acid system while for extractions three and four,8.0 and 
6.0 molar nitric acid was used, respectively. For 
extractions five to eight, nitric acid systems varying from 
2 to 15.0 molar were used. 
The multistage extraction of the yttrium-rare earth 
mixture obtained from the ion-exchange column tailings 
indicated that insufficient mass was transferred to the 
organic phase when employing a flow ratio of 5 volumes 
of the aqueous phase to 4 volumes of the organic phase with 
the feed introduced at stage 11. Since the Fergusonite ore 
concentrate and the column tailings had somewhat the 
same composition, similar separation relationships were 
presumed. Consequently, for the first multistage 
extraction of the yttrium~rare earth concentrate from 
· Fergusonite ore) the over-all flow ratio selected was 
five volumes of the aqueous phase to six volumes of the 
organic phase. Stage five was used as the feed stage in 
order to obtain a longer aqueous scrubbing section for 
separation of the last traces of gadolinium from yttrium. 
This extraction was carried out for 170 cycles. 
As is apparent from Table 8, the general trends for 
multistage extraction one were similar to those observed 
for the extraction of the ion-exchange column tailings. 
All the light rare earths favored the aqueous product 
phase; dysprosium was about equally divided between the 
two product phases and yttrium heavily favored the organic 
product phase. The light rare earth percentages in the 
product aqueous phase were approximately twice those in 
the original mixture. About 90 per cent of the total 
yttrium was delivered by the organic phase giving a 
product which analyzed 80 per cent yttrium oxide. The 
yttrium, then on a percentage oxide basis~ was effectively 
concentrated from an initial mixture in which it constituted 
50 per cent of the total weighto The analysis for holmium 
indicated that it composed about lo2 per cent of the 
product from the organic phase while not being detected in 
the aqueous phase product o A qualitative analysis of the 
products showed very strong spectral lines for lanthanum 
in the aqueous phase while all the erbium (trace amounts) 
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~lao ~pp~ared in the aqueous product phase. Ytterbium 
~avo~~q the organi~ phase wh~le terbium w~s abo~t equallf 
· Q1S~P1b"ted betwe~n the two product phases. Except ~or the · 
trace amount of erbium, the heavy rare earths appeared to 
favor the organic phase while all the light rare. earths 
q~fl~itely re~ained in the aqueous phase. 
' ' 
Tn~ ~esults or stagew1se analysis anq calculations 
app~ar in Figures 7 to lO,inclusive. From Figure 7 it · 
is apparent tnat ¢n an equivalent oxide concentration basis 
a large aalt build-up occurred in stages 3, 4 and 5 of the 
~queoua phase with stage 4 containin~ the hignest s~lt 
ooncentr,tion~ A material build-uplalthough ~malle~occ~pred 
for the organic phases in sta~es 3, 4 and 5. Figure 8 
showe t,hat ~ large gadolinium salt build.-up occurred in 
bQtO p~aa~e in stages 2 and 3 while from Figure ~ it is 
app~r~.n~ ·tn..at an yttrium salt concentration build-up 
o~~urred .in ~tages 3, 4 and 5~ This large increase 1n 
co~centration of g~dolinium in stage 2 was also noted fo~ 
the mult1~ta~e extraction of the yttrium-rare earth mixt~re 
obtained from th,e 1on ... excnange column tailings. 
, 7'\le ~~gh. salt contents in the equilibrium aquegu~ 
phase ar~ probably related ~o the large volumes ot 
rather . concentrated aql.\eOUS feed a<;lded per cycle Of oper.,.. 
. at~on. aince reflux was not ueed~the total salt concentra~ 
tton of the aqueous phase decreased rapidly as it progressed 
toward ~t~ge one, the aqueous product outlet. As the or~anic 
scr'"'bbln~. section w~s short, rapid changes '-n concentra t:l.on, , 
as snown in Figures 7 to 9, resulted in this section of 
th~ ~xtr~ct<;>r. 'l'he difference in shape for the QUl'Ves 
appearing in Figures 3 to 5 and 7 to 9 are perhaps 
explained by the fact that the organic scrubbing section for 
the extraction shown in th~ latter figures contained f~ve 
less stages. , 
In the stagewise analyse~ gadolinium was not detected 
in the org~nic phase past stage 10. Since it was detected 
in the aqueou~ phase of stage 19, a certain amount must also 
have been present in the organic phase. Extrapolation ot 
the gadolinium concentration curve beyond stage 1~ - as 
shown in ~igure 8 allows estimation of the gadolinium 
'distributlon coefficients for this region. The distribution 
coefficients for gadolinium and yttrium and their separation 
factor as a function of stage numper appear in Figure 10. 
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From this figure it can be noted that the lowest gado-
linium-yttrium separation factor which was about 2o4 occurred 
in the vicinity of the feed st~ge of tne extractoro This 
relationship -was also noted in the mult~stage extr~ction of 
the 1on ... exchange .column ta!ling m1~t.ure.· As ' the salt · 
concentra-tion decrease<} ·throughout · th~ extr~otor, the 
gadolinium-yttrium ·separation factors increase<lo Since 
the d1strtbution coeff1o1.ent'· curves fo:r g~do l1n1um an~ 
yttrit,tm diverge rapidly in ' tne· extrapolated region beyond 
stage 12, their separation factors increase cons1derably in 
this reg:1on.o : . . ' j ' 
The material e·xpressed as ox:td~ delivered by \ihe organic 
product phase of th1.s !JlUlt1st<;!.ge. ext:r~ct1on was about 56 . per 
cent of the 4.n~t1al weight'i~ Ease:·d Oti the analysis or the 
original tn1Jtture this should · p~ a'Pout the optimum w·eight 
fraction for separating the l)eavy· :r~u~~ ear·tb$ plus ·ytt~ium 
from dyepro~.tum and the · l .isht ~a;re .·ea;'tns. . Jiowev~r~ 1t is 
apparent t't>om /!'able 8 tJ'ul.t . dif~~I>roB.~QJ1l, .. ~l11h9\18ll $'~;t,gnt~y 
fatror1ng the organj..q Ph~~~1f.&1l;~d t9·, .Q.QtH~~nt~a.t.e fiPPr·~¢i~bly · 
in el ther prq~Qct pl1a~~ o ;repp~:rel ~~d QO ... w9~lter::?. (44) , 
preCI1c~ea that · tbe ~~pa:rat;1.qn, ' Qf ~tt~;ty,m .f';r;qm dyaprosiulll 
would .'be more. \i1ff1cul.t . tn~n 14b~ ·~~~!J.ftJ.t.~on or ¥ttr1qrn 
from gadol1n1wn or of dyeprq~1\ttn frQ.m ga~ol~n!ll~. In 
light of these data~ t~1~ prediction appea~e to be correct. 
In t-he ~econd mult1.atag$.'. ~Jetractton Of ' the' Fe'J:"guaonite 
ore concentrate the feed stage was cnangeo to stage 1~ and 
the organic scrub was decrea,sed to ~5 . mi.~l~liters per cycle. 
Since the other variables were s1Jnil.at- to tne first multi-
stage extraction of this Fergusonite ore concentrate, similar 
results were generally expected. Even though the aqueous 
scrubbing section consisted of 11 stages instead of five, 
a smaller transfer to the organic phase was expected because 
of the decrease in the relative organic flow rate. 
The steady state data in Table 8 3 which were obtained 
after 115 complete cycles of operation, ind10ate that this 
se.con<:l multi&tage extraction resulted 1n de-livery· or 50 
per cent of the total weight as.oxide by the organic product 
phaseo The light rare earth fraction concentrated in the 
aqueous product phase while the fraction delivered b¥ the 
organic produ,ct phase oon~iste~ of 82 per cent yttrium . · 
oxide. Tnis also represented an 82 per cent recovery of 
the total yttriu~ oxide iq the organic phase. Dysprosium 
favored th@ ~queous phase app~ec1aply9 altho~gh a .good 
.: . ' 
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separation of it from yttrium was not obtained. It appears 
that when extracting a concentrate-d nitric acid solution of 
the Fergusonite ore yttrium-rare earth mixture with 
tributyl phosphateta complete separation of yttrium from 
dysprosium cannot be accomplished in 20 stages. However, 
proper adjustment of flow rates and over-all concentrations 
would probably improve their separation in the high nitric 
acid system. 
In the third and fourth multistage extractions of the 
Fergusonite ore concentrate, the nitric acid concentrations 
of the influent aqueous scrub and feed phases were 8.0 and 
6.0 molar,respectively. The flow rate of the organic phase 
was decreased to 20 milliliters per cycle while the flow 
rates of the aqueous scrub and feed solutions were the same 
as employed in the two multistage extractions given just 
above. Multistage extractions three and four were carried 
out for 205 and 145 complete cycles of operation, respectively. 
A separation of yttrium plus the light rare earths from 
the heavy rare earths was desired in extractions with these 
lower nitric acid systems. 
The decrease of nitric acid concentration from 8.0 to 
6.0 molar resulted in a decrease of mass transfer to the 
organic phase of from 19.3 per cent to 5.6 per cent. In 
multistage extraction three, yttrium percentagewise favored 
the organic phase while dysprosium remained in the aqueous 
phase. However , in extraction four both yttrium and 
dysprosium preferred the aqueous phase. All the light rare 
earths which were detected appeared in the equilibrium 
aqueous product phase in each extraction. In both extraction 
three and extraction four about 3.7 per cent of the total 
oxide processed and which occurred in the organic product 
was not accounted for by 'the individual element analyses. 
This unreported fraction probably constitutes the heavy 
rare earth components of the lanthanide mixture. 
Multistage extractions three and four substantiate 
qualitatively the predictions of Peppard and co-workers 
(44) that variations in the nitric acid concentration 
would change the position of dividing the yttrium-rare 
earth mixture into two fractions. A direct comparison of 
the nitric acid concentration effects from the first 
four multistage extractions cannot be made because of 
varying flow ratios and feed concentrations. However, it 
appears from these data that the lower nitric acid conditions 
resulted in an enriched yttrium-light rare earth fraction. 
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On thi~ basis, a nitric acid concentra tion of about four 
to five molar might result in a more complete separ ation of 
the heavy rare earth salts from yttrium and the light rare 
earth .fraction in about 2~ stages. 
Since further separations were desired, the products 
from the above multistage extractions of the Fergusonite 
concentrate wer e employed as the feed mixtures · for other 
extraction studi es . The yttrium-rare earth mixture in the 
organic phase products from multistage extraction one and 
two wer e used' for multis.tage extrac tions f ive and seven, 
respectively. · Extraction six; used the yttrium-rare earth 
mixture in the aqueous phase product from multistage 
extraction five, whil~ extraction eight employed the yttrium-
rare earth mixture in the aq~eous phase product from 
extraction three . 
Further separation of the organic phase p:r;>oducts 
required essentially the separation of the · heavy rare 
earths from· yt trium. Consequently, a series of single stage 
extractions at ~arying nitric acid concentrations was 
carrleq out to determine fa voraole conditions. The yttrium-
heavy ~a~e ea~th mixture in the oPganic product · phase of 
multiple extracti·on one was employed in. ,preparing the 
initial aqueous feed. In each sing l e stage extraction, . 
equa l volumes. of the · aqueous feed and acidified tributyl 
phosphate were used. The initial aqueous phase contained 
the equiva l ent of 96 grams of the oxides per l i t er . Figure 
11 shows the dependence of the ytt ri\lm di strib"Ution .co-
efficient and the ratio of total oxide weight in the two 
equilibrium phases on the nitric acid concentration in the 
aqueous feed o 
It is apparent from Figure 11 that the mass transfer 
to the organic phase was a minimum betwe·en 3. 0 and 4. 0 
molar nitric acid . The yttrium distribution factor 
decreases with decreasing nitric acid concentration; although 
its variation becomes less pronounced for the low acid 
systems. The divergence of the two curves be l ow three 
molar ni tric acid indicates that a r ever se in the trend 
for phase preference must have occurred for some of the 
component s of the mixt~re . Inversion in extractability 
of rare earth nitrates at low nitric acid concentrat ions 
was observed by Peppard and co-workers (44). 
Multistage extractions five, six and seven were 
carried out to observe the effects of lower nitric acid 
media on· the separation of yttrium from the heavy rare 
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earths. .r.tultis t age extraction five> which consisted of 90 
cycles1 employed a fe ed solution which was 2 .0 molar in 
nitric acid and contained a mixture which consisted pri-
marily of yttrium and heavy l anthanides. As the da t a in 
Table 8 indica te , only 2 .4 per cent of the t ot a l material 
as oxide>which contained no yttrium or dysprosiumJwas 
transferred to the organic phase . A qualitative spectro-
graphic analysis of this organic phase product showed it 
was strong in cerium and conta ined no heavy rare earths . 
The r esulting aqueous phase pr oduct 1 which was initially 
80 per cent yttrium oxid~ was concentrated to 83 per cent 
yttrium oxide. The data indica t ed tha t an inversion of 
the light and heavy rare earth frac tions had resul ted when 
extracting the 2.0 molar nitric ac i d so lut ion of these 
nitrates. 
Since the transfer of the heavy r ar e earth fraction to 
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the organic phase was desired f or separating them f r om yttrium ; 
multistage extraction six employed a 6 .0 molar nitric acid 
aqueous f eed. The aque ous feed so lution c ontained the 
yttrium-rare earth fraction obtained from the aqueous phase 
product of multistage extraction five (see Tab l e 8). After 
47 complet e cycles , 5.7 per cent of the material as oxide 
had been de livered by the organic product phase. The pro-
duct from this phase was about ha lf ytt rium oxi de and contained 
no light rare earths. Spectrophotometric ana l yses indicated 
this product was concentrated in the heavy rare earth compo-
nents. The aqueous phase product which ana lyzed 88 per cent 
yttrium oxide conta ined about 97 per cent of the t ot a l 
yttrium. Since only 47 cycles wer e used for t his extraction, 
essentially s t eady s tate was probably not r eached, a lthough 
the general separation trends should still apply. 
Since multistage extraction six showed a favorable 
concentration of yttrium, similar conditions wer e us ed in 
multistage extraction seven. Howe ver , in this mult istage 
extraction the influent aqueous s olutions were 7.0 molar 
in nitric acid. The extraction was carried out for 165 
complete cycle s. As was expected, the mass transfer to 
the organic product phase increase d1 r eaching a va lue of 8 .7 per cent expre ssed as oxide of the total mat eria l 
processed . The yttrium oxide percentage, which initia lly 
was 82 per cent , was increas ed to 85 per cent in the aqueous 
phase product~ This percentage change was small because 
the organic phase product contained substantia l amount s 
of yttriumo Spectrophotometric analyses indica t ed that 
the heavy lanthanide components considerably favored the 
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organic product phase,although some were also detected in 
the aqueous phase product. It appears 'from these multi-
stage extractions that the heavy rare earth fraction cannot 
be separated from yttrium as easily as yttrium can be 
separated from the light rare earth fraction. However, 
these data show that with a larger number of stages the 
separation of yttrium from the heavy rare earth fraction 
should be possible. 
In multistage extraction eight an attempt was made to 
separate the light rare earths obtained from the aqueous 
phase product of multistage extraction three. A concen-
trated (15 molar) nitric acid medium and a fairly dilute 
yttrium-rare earth concentration was employed in this 
140 cycle extraction. From the data in Table 8, it is 
apparent that the mixture was divided between neodymium 
and samarium with most of the samarium and essentially all 
of the gadolinium, dysprosium and yttrium delivered by 
the organic product phase. If a 13 molar nitric acid aqueous 
feed had been employed, the mixture would probably have been 
separated between gadolinium and dysprosium. This again 
substantiates the predictions of Peppard and co-workers. 
These eight 20 stage countercurrent extractions of 
yttrium-rare earth concentrates obtained from Fergusonite 
ore indicated that a series of such extractions should 
result in a number of highly enriched fractions. These 
fractions could be further purified by either additional 
extractions or by employing them as a feed for ion-exchange 
resin columns. Flow ratios, salt concentrations, acidities, 
numbers of stages and variation in yttrium-rare earth composi-
tion appear to be the important variables connected with the 
aqueous phase which must be controlled in order to obtain 
any particular separation. The data presented here 
indicate quite conclusively the potentiality of solvent 
extraction for separating the yttrium and rare earth 
fraction from Fergusonite ore. However, a great deal of 
work still remains to be done before a specific plan for 
the complete separation of such a mixture can be drawn. 
3. Concentration and separation of yttrium and rare earths 
obtained from Gadolinite ore 
(a) Introduction. The data for extracting the 
Fergusonite ore yttrium-rare earth mixture indicated that 
a series of extractions yielded a number of enriched 
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fractions. Gado linite ore is one of the sources of rare 
earth mixtures employed in this Labora tory for charging 
the ion-exchange columns. Various enriched fractions pre-
pared by liquid - liquid eitraction of the yttrium-rare 
earth concentrate from Gadolinit e ore should be useful for 
increas ing the production capacity for certain pure rare 
earth sa lt s by the resin columns. Because of the similari-
ties in the yttrium and rare earth compositions of the 
concentrates from Gadolinite ore and from Fergusonite ore, 
it can be assumed that the solvent extraction data should 
app l y about equa lly to both concentra t es. 
Gado linite ore , which is mined in the Scandanavian 
countries, is essentia lly a silicate of iron, beryllium, 
yttrium and rare earths. Usually between 40 and 50 per 
cent of the t ota l weight composes the yttrium-rar~ earth 
fra ction. The chief advantage of this ore as a source of 
rare earth sa lts is its relatively high content of the 
heavy rare earth fraction. Analyses have indicated that 
about 15 to 20 per cent of the yttrium-rare earth mixture 
is composed of l anthanides ha ving an atomic number of 66 
or higher. The . yttrium-rare earth fraction can be 
recovered from t he ore either by sever al leaches with 
concentrated nitric acid . or by car~y1ng out a caustic 
treatment of the or e with a subsequent acid l each. 
Genera lly, the caustic treatment appears to recover from 
the ore s light ly more yttrium plus rare earth salts. 
(b) Processing of Gado lin1te ore . . The fusion of an 
a lkali mixture in the presence of Gadolinite ore was used· 
to r ender its yttrium-rare earth fraction in an easily 
solub l e form. A sui t ab l e charge consisted of 10.0 grams 
of Gadolinit e ore , 8.0 grams of sodium hydroxide and 4.0 
grams of sodium per oxide . The mixture was heated in a 
stainless steel crucible a t 650°C f or 30 minut es . When 
the melt coo l ed, it was transferred to a beaker and washed 
wi th water to dissolve sodium, beryllium, silicon, aluminum 
~nd tin. The residue was then trea t ed with concentrated 
nitric acid. After boiling for about t en minutes, the 
r esulting mother liquor was filtered. Oxalic acid was 
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added to the filtrate to precipitate the rare earth 
oxa lates . After the rare earth oxa l ate s lurry was filtered, 
ammonium hydroxide was add ed to this filtrate to precipitate 
iron, titanium, manganese, and other so luble oxala t es. A 
qualitative spectrographic analysis of the yttrium-rare 
earth fraction indicated weak amounts of iron and manganese, 
a very weak amount of calcium and trace amounts of chromium, 
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magnesium and silicon. The material, insoluble in the 
concentrated nitric acid leach;was mainly silicic acid 
with a little unreacted ore. It usually contained a few 
per cent yttrium. Table 9 gives the approximate weights 
of the various fractions after they were converted to 
oxides by calcining for at least two hours at 800 degrees 
Centigrade. Table 10 shows an average analysis of the 
yttrium-rare earth concentrate from Gadolinite ore. 
Table 9 
Weights of the Various Fractions from Processing 10.0 Grams 
of Gadolinite Ore 
Operation 
1. Soluble in HN03 leach 
a. Oxalic acid precipitation 
b. NH~OH precipitation of 
filtrate from l(a) 
2. Acid insoluble fraction 
Weight 
4.55 g. 
2.00 g. 
2.86 g. 
(c) Single stage extraction of the yttrium-rare earth 
concentrate from Gadolinite ore. 
(1) Extractions employing tributyl phosphate. The 
extraction data for the Fergusonite ore concentrate showed 
that in a concentrated nitric acid system yttrium and the 
heavy rare earths could be separated from gadolinium and 
the other light rare earths by liquid-liquid extraction. 
However, yttrium and dysprosium were not easily separated 
from each other. At low nitric acid concentrations an 
inversion was noted for the extractability of a number of 
the elements. It has been reported by Peppard and co-workers 
(4) that inorganic salting-out agents such as the nitrates 
of aluminum, magnesium, calcium and ammonium tended to 
increase the ma~s transfer of rare earths to the organic 
phase. These salting-out agents were extracted by the 
organic phase in only trace amounts. The fractionations of 
the rare earths were reported to be little affected by the 
presence of these salting-out agents. 
7 
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Table 10 
Analyses of the Yttrium-Rare Earth Concentrate from 
Gadolinite Ore 
Component 
Pr60ll 
Nd2o3 
Sm2o3 
Eu2o3 
Gd2o3 
Dy203 
. Ho2o3 
Yb203 
Lu2o3 
Y203 
Analysis 
(wt. %) 
2.0 
5.0 
5.0 
4.7 
5.2 
7.6 
l.l 
4.6 
2 •. 7 
61.0 
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In light of these observations a series of single stage 
extractions employing low nitric acid conditions were carried 
out on the Gadolinite ore yttrium-rare earth concentrate. 
Various concentrations of aluminum nitrate, aluminum chloride, 
magnesium nitrate, magnesium chloride and sodium chloride 
were added to the initial aqueous phase. Equal volumes of 
the aqueous and organic phases were used for each extraction 
while unacidified tributyl phosphate constituted the organic 
phase. Some of the equilibrium data obtained from these 
extractions are represented graphically in Figures 12 to 21 , 
inclusive. 
The variations of the gadolinium, yttrium and dysprosium 
distribution coefficients with the nitric acid concentration 
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of the initial aqueous phase appear in Figure 12. No salting-
out agent was added to these systems. It is apparent that 
gadolinium prefers the organic phase to a greater degree than 
dysprosium up to nitric acid concentration of about 1.0 
molar. However, the relative preference of these two elements 
for the organic phase is reversed at all higher nitric acid 
concentrations. Gadolinium prefers the organic phase to a 
greater degree than yttrium below about 4.7 molar nitric acid, 
although this relative preference is also reversed at higher 
nitric acid concentrations. Up to at least 6.0 molar nitric 
acid, dysprosium prefers the organic phase more than yttrium. 
The data from extraction of the Fergusonite ore concentrate 
indicated that at higher nitric acid concentrations1 yttrium 
favored the organic phase slightly more than did dysprosium, 
while gadolinium preferred the aqueous phase to a much 
greater extent than either dysprosium or yttrium. Evidently, 
the distribution coefficient curves for yttrium and dysprosium 
cross at an acid concentration somewhere slightly above 6.0 
molar nitric acid. 
I 
The data shown in Figure 12 indicate that separation 
of gadolinium and dysprosium from yttrium could be accomp-
lished most efficiently at a very low nitric acid concentra-
tion. This is most effectively indicated in Figure 13 
where the various separation factors are plotted as a 
function of the nitric acid concentration in the initial 
aqueous phase. The highest yttrium-dysprosium and yttrium-
gadolinium separation factors occur in the very low nitric 
acid media. It was reported above that extracting the more 
concentrated nitric acid solutions yielded high gadolinium-
yttrium and gadolinium-dysprosium separation factors. In 
the 3.0 to 6.0 molar nitric acid region all three separation 
factors were between 1.0 to 1.5. This shows why only little 
separation of these three elements was obtained in this 
range of acid concentration. The change in sign of the 
slope in the gadolinium-dysprosium and gadolinium-yttrium 
separation factor curves in Figure 13 occur where the 
distribution coefficient curves of Figure 12 cross each 
other. This reverse in relative phase preference cau~es 
a change in slope. These observations are directly related 
to the arbitrary definition employed here for the separation 
factor. These data together with other considerations 
definitely show that yttrium, gadolinium and dysprosium 
pass through an inversion in relative phase preferences with-
in the range of 1.0 to 8.0 molar nitric acig. 
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Figure 14 shows the per cent mass transfer as oxide 
to the o~ganic phase as a function of nitric acid concentration 
when various 1.0 molar salting-out agents were present in the 
initial aqueous phase. In general, up to at least 5.3 molar 
nitric acid , the amount of material transferred to the 
organic phase decreases with increasing acidity. The single stage 
extractions of the Fergusonite ore concentrate indicated the 
opposite trends at higher nitric acid concentrations. The 
presence of a salting-out agent definitely increased the mass 
transfer to the organic phase in the range up to 5.3 molar nitric 
acid. As is indicated by Figure 14, aluminum nitrate increased 
mass transfer more than a corresponding amount of aluminum chloride 
while magnesium nitrate was more effective than magnesium 
chloride. In general, at constant cation concentration, the 
nitrates appear to effect transfer of the yttrium-rare earth 
salts to the organic phase more than the corresponding chlorides. 
The results also indicate that for similar anions and at a 
constant salting-out ag2nt concentration the higher valence 
cations are most effective for increasing mass transfer to the 
organic phase. 
Figure 15 shows the relationship between mass transfer in 
terms of oxide, and the aluminum chloride concentration in the 
aqueous phase at various nitric acid concentrations. It is 
apparent that the mass transfer increases as the concentration 
of this salting-out agent increases. However, the relative 
effect of the salting-out agent decreases as the nitric acid 
concentration increases. At very high nitric acid concentrations, 
the effect of the salting-out agent on mass transfer would 
probably be negligible. Since; in a highly concentrated nitric 
acid system the concentration of salting-out agent is negligible 
relative to the concentration of hydrogen and nitrate ions, the 
behavior of the system would probably be controlled by these 
two ions. 
The effects of the presence of 1.0 molar aluminum salts 
on the gadolinium, yttrium and dysprosium distribution 
coefficients at various nitric acid concentrations are illus-
trated in Figure 16 and 17. A comparison of these data with 
those in Figure 12 where no salting-out agent was employed 
indicates the same general trends. The distribution coefficients 
were considerably higher for the systems containing the salting-
out agents. 
From the distribution data appearing in Figure 16 and 
17 the separation factors as a function of nitric acid 
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concentration at constant salting-out agent c0ncentration 
were calculated and then plotted in Figures 18 and 19. A 
comparison of the extraction data for the a lUlllinum chloride 
system with the system containing no salting-out agent 
(see Figure 13) indicates similar relationships, although 
the presence of this aluminum salt generally decreased the 
separation factors slightly. The gadolinium-yttrium separa-
tion factor in the aluminum nitrate system, as shown in 
Figure 19, has the same general variation with acidity as 
indicated for the other two systems discussed above. How-
ever, the gadolinium-dysprosium and yttrium-dysprosium 
separation .factors which were obtained in the presence of 
aluminum nitrate were considerably different. No reason 
is known for these behaviors. Partial data for the 
magnesium nitrate system indicates a behavior similar to 
that of the aluminum nitrate system while the magnesium 
chlor~e system appears to give results similar to the 
alumiri..lJm chloride system. However, both the chloride and 
nitrat~ salting-out agents maintained high separation 
factors for dysprosium and gadolinium relative to yttrium 
in the · very low nitric acid concentration range. It is 
obvious from Figure 19 that a mixture of yttrium, dysprosium 
and gadolinium could oe separated into three enriched 
fractions by two consecutive m~ltistage extractions employ-
ing nitric acid concentrations of about 0.5 molar and 
about 3.0 molar. 
The variations of the gadolinium, dysprosium, and yttrium 
distribution coefficients with a luminum chloride concentration 
in a 2.02 molar nitric acid aqueous solutio~ appear in 
Figure 20. As the data plotted in Figure 15 indicated, 
these distribution values increased with in~reasing con-
centration of the salting-out agent. From the data appear-
ing in Figure 20, the se9aration factors were calculated 
and plotted in li'igure 21 as a function of the aluminum 
chloride concentration. The data for the 4.0 molar salting-
out agent were employed here to determine the direction of 
the curves above the 3 .0 molar concentrations. It is 
apparent from Figure 21 that the separation factor trends 
were similar to those obtai~ed when the nitric acid concen-
tration was varied at a constant concentration of aluminum 
chloride (see Figure 18). Evidently, the addition of excess 
salting-out agent has the same effect as increasing the 
nitric acid concentration; This indicates that the ionic 
strength of the system might also be an important factor in 
controlling preferred extractibility of yttrium, dysprosium 
and gadolinium salts. 
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In the operation of a multistage extraction process the 
time required for separation of the equilibrated phases is 
an important variable from the practical viewpoint. For 
extracting these yttrium-rare ffarth nitrate systems the 
phase separation time - decreased as the acidity increased. 
In the Ool8 molar nitric acid system containing 2.0 molar 
aluminum chloride the phase separation time was about 20 
minutes while for a similar system containing 5.3 molar 
nitric acid only about one minute was required. As -the 
concentration of the salting-out agent increased, the phase 
separation time also increased. In the 1.02 molar nitric 
acid medium, free of any salting-out agen~ 50 seconds was 
needed for phase separation. When 2.0 molar aluminum 
chloride was added to this 1.02 molar nitric acid system, 
the separation time was 9.0 minutes. Although factors 
other than the salting-out agent and nitric acid concentra-
tion are important in controlling phase separation times, these 
variables must be carefully considered in selecting a 
system for the multistage extractions. 
In general, extraction of the very low nitric acid 
yttrium-rare earth systems with tributyl phosphate gave a 
separation of gado linium and dysprosium from yttrium. 
Although salting-out agents decrease these separation factors 
slightly, they increase the mass transfer of rare earth 
salts to the organic phase. Consequently, the required 
volume of organic solvent is decreased. 
(2) Extractions employing various organic phos-
phates and phosphites. A number of single stage extractions 
were carried out employing various pure organic phosphates 
and phosphites as the organic phase. The nitric acid 
aqueous phase in each case contained the yttrium-rare earth 
concentrate from Gadolinite ore. The aqueous feed solution 
contained the equivalent of 280 grams of the combined oxides 
per liter. Equal volumes of the organic and aqueous phases 
were employed in each extraction. 
Some generalit ies were evident from the observations 
made when employing organic phosphites. As their molecular 
weight increased, l ess material was extracted by the organic 
phase with a decrease in the yttrium and gadolinium distri-
bution coefficients. The gadolinium-yttrium separation 
factor increased almost linearly with per cent mass transfer 
to the organic phase. The values for di-2-ethylhexyl hydro-
gen phosphi t e did not follow these trends because of its 
low stability in the acid system. Partial hydrolysis of 
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this organic phosphite resulted in the formation of complex 
phosphites and in subsequent inaccurate oxide weights. 
Diethyl hydrogen phosphiteJ because of its rapid hydrolysis, 
gave a completely miscible system. The distribution 
coefficient for the yttrium was larger than for the gadolinium 
in a corresponding system involving a phosphite extraction. 
Upon comparison of similar organic phosphites and 
phosphates as solvents,higher gadolinium-yttrium separation 
factor and distribution values were obtained in the phos-
phite systems. More material was extracted by the organic 
phosphite than by the corresponding organic phosphate. The 
assumptions were made in this work that the organic phosphite 
did not ·oxidize to the corresponding organic phosphate in 
this nitric acid system. Consequently, these extractions 
show that the doubly bonded oxygen of the phosphate radical 
is not an important factor in the yttrium-gadolinium 
separation . Fewer stages would probably be required for 
separation of yttrium from gadolinium when extracting with 
an organic phosphite rather than with the corresponding 
organic. The low stability of the organic phosphites, 
however, would probably decrease their utility for a contin-
uous operation. 
(d) Multistage extraction of the yttrium-rare earth 
concentrate from Gadolinite ore. Single stage extractions 
of the yttrium-rare earth nitrate mixture from Gadolinite 
ore showed that a low nitric acid system permitted separa-
tion of gadolinium and dysprosium from yttrium quite 
efficiently. Consequently, a 20 stage extraction employing 
this low acid condition was carried out in the counter-
current extractor shown in Figure 1. The aqueous feed 
solution was 0.12 molar in nitric acid and contained the 
equivalent of 230 grams of yttrium-rare earth oxides per 
liter. Five milliliters per cycle of this feed solution 
wer•e introduced at stage 14 . Tributyl phosphate which was 
o.J5 molar in nitric acid constituted the organic phase. 
It was added at stage one at a rate of 17.5 milliliters 
per cycle. Twenty-five milliliters per cycle of 0.12 
molar nitric acid solution which was 0.50 molar aluminum 
chloride were added at stage 20. The nitric acid concen-
trations ln the initial aqueous and organic phases consti-
tuted equilibrium values. In the aqueous phase the concen-
tration of aluminum chloride was approximately 0.5 molar 
throughout the entire column. In addition to increasing 
the mass transfer to the organic phase, this aluminum 
chloride gave a nearly constant ionic strength throughout 
the extractor. 
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After 100 cycles of operation, no rare earth or yttrium 
was detected in the organic product phase. However, stage-
wise analyses of aliquots indicated that the organic phase 
of stage 19 contained the equivalent of 4.0 grams of oxide 
per liter. Since a complete separation of gadolinium and 
dysprosium from yttrium requires that approximately 25 per 
cent of the total material be transferred to the organic 
. phase, a tap-off device . was added .at stage 16 to 
deliver 7.0 milliliters of the organic phase for each cycle 
of operation. The remaining portion .of the organic phase 
which was delivered at stage 20 was added to the product 
phase deliv~red from the tap-off stream. The extraction 
was then continued for 100 more complete cycles. 
Analyses of the product phase frcim the la~t 20 cycles 
indicated that 0.90 of a gram of oxide was delivered by the 
aqueous product phase while 0 ; 28 of a gram was delivered 
by the organic product phase per cycle. This represented 
a 76-24 per cent split ·. of the mixture by weight. Analyses 
of most of the major constituents of the initial f.eed 
mixture and product phases appear in Table 11. · 
It is apparent f~om these data that gadolinium and 
dysprosium preferred. the . organi.c phase and were separated 
from most of the yttrium which .remained in the aqueous 
phase. It can .also .be noted that on an enrichment basis 
samarium and holmium to ·a great degree and neodymium to a 
lesser .degree favored the organic phase. According to the 
analyses in Table 11, only yttrium on this same basis 
prefe~red the aqueous phase. However, a spectrographic 
qualitative analysis indicated that thulium and ytterbium 
also favored the aqueous phase. 
From a material balance it was calculated that 89 per 
cent of the yttrium was de livered by the aqueous product 
phase. Approximately 80 per cent of the dysprosium and 
greater than 85 per cent of the gadolinium was delivered 
by the organic product phase. It is apparent, therefore, 
that about 90 per cent of the yttrium was separated from 
about 80 to 85 per cent of the gadolinium and dysprosium 
in a continuous extractor. Further work on the improvement 
of this system and an increase in the number of stages should 
improve this separation of gadolinium and dysprosium from 
yttrium. 
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Table 11 
Analyses of the Oxide Mixtures from the Multistage Extrac-
tion of the Yttrium-Rare Earth Concentrate from Gadolinite 
Ore 
Feed Aqueous phase Organic phase 
product product 
Nd 2o3 5.0% 4.1% 6.6% 
Sm2o3 5.0% 1.0% 11.0% 
Gd 2o3 5.2% < 3.0% 20.2% 
Dy203 7.6% 2.0% 24.8% 
Ho2o3 1.1% 1.0% 4.0% 
Y203 61.0% 70.0% 26.4% 
Figure 22 shows the total oxide concentration in the 
organic and a4ueous phases as a function of stage number 
for this multistage extraction. It is apparent from this 
figure that no appreciable amount of material was detected 
in either phase past stage 17. Evidently all the rare 
earths, which were not delivered through the tap-off device 
in stage 16, were easily back-extracted by the aqueous phase. 
In almost all stages the rare earth salts preferred the 
organic phase on a concentration basis. The decrease in 
yttrium-rare earth concentration at the organic inlet end 
of the extractor as shown in Figures 3, 4, 6, 8, 9 and 10 
was not as pronounced for this system. This was probably 
caused by the presence of the salting-out agent in the 
aqueous phase. 
The results of this multistage extraction of the 
yttrium-rare earth concentrate from Gadolinite ore sub-
stantiate the single stage extraction data. This multistage 
extraction showed that dysprosium and gadolinium can be 
separated from yttrium quite readily on a continuous 
basis by extracting a low nitric acid feed solution of 
yttrium plus the rare earths with tributyl phosphate. The 
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inversion of certain rare earth extractability as was also 
observed by Peppard and co-workers (44) was found useful in 
effecting separations. It is believed that for many separa-
tions the extraction of this dilute nitric acid solution of 
yttrium and rare earths would prove more economical than 
extractions employing the highly concentrated nitric acid. 
,CONCLUSIONS 
1. Ore processing 
a. A Gadolinite ore was leached several times with 
hot concentrated nitric acid to obtain its yttrium-rare 
earth content. An ion-exchange resin treatment was employed 
to remove a certain fraction of the heavy rare earths. The 
remaining mixture, referred to as tailings, analyzed in 
terms of oxide about 65 per cent yttrium, about five per 
cent heavy rare earths and about 30 per cent light rare 
earths. 
b. The yttrium-rare earth fraction of a Fergusonite 
ore was rendered soluble by treatment of the ore with fused 
alkali followed by an acid leach. This yttrium-rare · earth 
concentrate in terms o~ oxides consisted of about 50 per 
cent yttrium, 10 per cent heavy rare earths and 40 per cent 
light rare earths. 
c. The yttrium-rare earth fraction of a Gadolinite ore 
was recovered also by an alkali fusion followed by an acid 
leach. The resulting yttrium-rare earth concentrate in 
terms of oxide was about 60 per cent yttrium, 15 per cent 
heavy rare earths and 25 per cent light rare earths. 
2. Single stage extractidns 
a. Tributyl phosphate, in general, preferentially 
extracts the rare earths from a concentrated nitric acid 
solution according to their increasing atomic number. For 
low nitric acid systems some inversions in their relative 
extractability occurs. The mass transfers from the aqueous 
phase to the organic phase were a minimum for about a 6.0 
molar nitric acid aqueous phase. Yttrium, which has an 
anomalous behavior since it resembles the low atomic numbered 
rare earths in a low nitric acid system, is similar to 
gadolinium in a 4..5 molar nitric acid system, resembles 
dysprosium in about the 6.0 to 8.0 molar nitric acl1.d medium 
and acts like holmium in the concentrated nitric acid 
systems. Consequently, the control of nitric acid concentration 
permits the separation of yttrium from the rare earth salts. 
.. 
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b. The yttrium-rare earth mixture obtained from the 
ion-exchange column tailings was dissolved in 13 molar 
aqueous nitric acid and extracted with various volumes 
of tributyl phosphate. ~he mass transfers from the aqueous 
to the organic phase and the gadolinium-yttrium separation 
factors increased as the volume ratio of the organic to the 
aqueous pnase increased. A ma~s transfer of 72.1 per cent 
in terms of oxides and a gadolinium-yttrium s~paration 
factor of about 3.3 wereobtained from an extraction employ-
ing equal volumes of the organic and aqueous phases. 
Extraction of a 6.0 molar nitric acid solution of 
the yttrium-rare earth concentrate obtained from Fergusonite 
ore with an equal volume of tributyl phosphate resulted in 
a mass transfer to the organic phase of 35.1 per cent on an 
oxide basis and a gadolinium-yttrium separation factor of 
1.37. 
. Addition of hydrochloric acid to this 6.0 molar nitric 
acid system before extraction resulted in a somewhat higher 
gadolinium-yttrium separat~on factor with little change in 
mass transfer. · 
The addition of acetic acid to the 6.0 molar nitric 
acid sy~tem increased the mass transfer from the aqueous 
to the organic phase. Small amounts of acetic acid increased 
the gadolinium-yttrium separation factor while large amounts 
decreased it. 
Sulfuric acid, when added to this nitric acid medium 
before extraction~ increased the gadolinium-yttrium separa-
. tion factor while decreasing the mass transfer to the 
organic pnase. 
c. Extractions of the Fergusonite ore yttrium-rare 
earth concentrate dissolved in from 2 to 10 molar hydro-
chloric acid with equal volumes of tributyl phosphate 
indicated that an increase in acidity resulted in an 
increase in mass transfer to the organic phase. H?wever, 
in no case was more than 7.7 per cent of the total yttrium-
rare earth content expressed as oxide extracted by this 
organic phase. The gadolinium-yttrium separation factor 
remained approximately 1.1 over the entire hydrochloric 
acid range. Consequently, the nitric acid system appeared 
to be superior to the hydrochloric acid system for separa-
ting yttrium-rare earth salts by liquid-liquid extraction. 
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d. The extraction of the Fergusonite ore yttrium-rare 
earth concentrate dissolved in 6.0 molar hydrochloric 
acid with an equal volume of hexone gave a mass transfer to 
the organic phase of only about one per cent and a 
gadolinium-yttrium separation factor of only 1.02. The 
addition of 3.0 molar ammonium thiocyanate to this aqueous 
phase before extraction caused slightly more extraction 
but no change in the gadolinium-yttrium separation factor. 
Tributyl phosphate appeared to be superior to hexone in a 
hydrochloric acid medium for yttrium-rare earth separations 
by liquid-liquid extraction. 
e. Extractions of a nitric acid solution of the 
Gadolinite ore yttrium-rare earth concentrate with 
tributyl phosphate indicated that the presence of aluminum 
nitrate, aluminum chloride, magnesium nitrate, · magnesium 
chloride or sodium chloride in the initial aqueous phase 
increased the mass transfer of rare earths to the organic 
phase. The higher the concentration of the salting-out 
agent in the initial aqueous phase the greater was the 
mass transfer to the organic phase. Likewise, there was a 
corresponding increase in the yttrium, dysprosium, and 
gadolinium distribution coefficients. The effect of these 
salting-out agents was 'most pronounced in the low nitric 
acid systems. For a given anion the higher valence cations 
effected the greatest mass transfer. The nitrate ion was 
more effective in increasing yttrium-rare earth transfer 
than the chloride ion for a given cation at equal concentra-
tions. 
The use of the chloride salts as a salting-out agent, 
in general, slightly decreased the gadolinium-yttrium, 
yttrium-dysprosium and gadolinium-dysprosium separation 
factors. The same general variation in the values of the 
separation factors with nitric acid concentration resulted 
with or without the presence of any salting-out agent. In 
the presence of the nitrate salting-out agents this gadolinium-
yttrium separation factor trend was unchanged. However, 
in this case, a large variation in the yttrium-dysprosium 
and gadolinium-dysprosium separation factors resulted. In 
the presence of both the nitrate and chloride salting-out 
agents the dysprosium and the gadolinium separation factors, 
with respect to yttrium~ were relatively high at low nitric 
acid concentrations. 
The extraction of an aqueous phase containing increasing 
amounts of aluminum chloride at constant nitric acid con-
centration yielded the same general trends as increasing 
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the nitric acid concentration at constant aluminum chlor1de 
concentration. The ionic strength of the solution might be 
an important factor in controlling preferred yttrium-rare 
earth extractability. 
f. The Gadolinite ore yttrium-rare earth mixtureJ 
dissolved in nitric acid concentrations ranging from 0.17 
to about 6.0 molar>was extracted with tributyl phosphate. 
Gadolinium and dysprosium could best be separated from 
yttrium at low nitric acid concentration while yttrium 
and dysprosium can be separated most efficiently from 
gadolinium at high nitric acid concentrations. Dysprosium 
and gadolinium had similar distribution coefficients at 
about 1.0 molar nitric acid while the gadolinium and 
yttrium distribution coefficients were the same at about 
4.5 molar nitric acid. 
g. Extractions of a nitric acid solution of the Gado-
linite ore yttrium-rare earth concentrate with a series 
of organic phosphites indicated an increase in mass 
transfer to the organic phase as the molecular weight of 
the organic phosphite decreased. The gadolinium-yttrium 
separation factor was inversely proportional to the per 
cent transfer to the org~nic phase. 
Comparison, of extractions with corresponding organic 
phosphites and phosphates indicated that the phosphites 
yielded the highest gadolinium-yttrium separation factors 
and mass transfers to the organic phase. This indicated 
that the doubly bonded oxygen in organic phosphate is not 
required for yttrium-rare earth extraction and separation. 
3. Multistage extractions 
a. The more promising conditions obtained from the 
single stage extractions were employed in a series of 20 
stage countercurrent liquid-liquid extraction processes. 
The same general trends observed in the single stage 
extractions were observed in the multistage experiments 
although the separations were more pronounced. 
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b. The yttrium-rare earth nitrate mixture from the 
ion-exchange column tailings was divided into a fraction 
analyzing, on an oxide basis1 greater than 90 per cent yttrium 
with about a 90 per cent recovery of the total yttrium 
present. The other fraction, or the aqueous phase product, 
contained the light rare earths and the remaining 10 
per cent of the yttrium. A 13 molar nitric acid medium 
constituted the aqueous phase. 
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c. The Fergusonite ore yttrium-rare earth concentrate 
was separated into a fraction containing 85 per cent 
yttrium on the oxide basis by two separate countercurrent 
extractions. The nitric acid concentrations in the aqueous 
phases for the extraction processes were 13 molar and 7.0 
molar, respectively. Tributyl phosphate was the organic 
phase in both cases. The yttrium depleted fraction, or 
the aqueous phase product from the first extraction process, 
was further separated into two fractions. One contained 
essentially only praseodymium and neodymium while the other 
was composed chiefly of samarium, gadolinium,dysprosium and 
yttrium. 
d. Extraction of a 0.12 molar nitric acid solution of 
the yttrium-rare earth mixture from Gadolinite ore with 
tributyl phosphate gave an aqueous product which was 
enriched in yttrium and an organic product containing 
relatively large amounts of samarium, gadolinium and 
dysprosium. Consequently, this extraction indicated a 
method of separating yttrium from gadolinium and dysprosium. 
SUMMARY 
The yttrium-rare earth mixtures, which were investigate~ 
were obtained from Fergusonite ore, Gadolinite ore and 
tailings from a process employing an ion-exchange resin 
column. In each case the mixture in terms of oxide was 
composed of from 50 to 60 per cent yttrium and 5 to 15 per 
cent heavy rare earths with the light rare earth fraction 
constituting the remaining material. In general, tributyl 
phosphate was employed for extracting the nitric acid 
solutions of these rare earth mixtures although the use of 
other organic liquids was briefly investigated. 
Single stage extraction data indicated that the preferen-
tial extractability of the rare earths from an aqueous system 
greater than 3.0 molar in nitric acid increaseswith increasing 
number. At lower nitric acid concentrations some deviations 
from this trend appeared. ' The mass transfers of yttrium 
and rare earths increased with nitric acid concentrations 
above about 6.0 molar . The reverse mass transfer trend 
resulted for the range below about 6.0 molar nitric acid. 
Yttrium extracts in combination with holmium in a highly 
concentrated nitric acid system. However, in the 6 to 12 
molar nitric acid system it extract essentially with 
dysprosium while in a 3.0 to 4.5 molar nitric acid system 
it resembles gadolinium. In lower nitric acid systems 
yttrium extracts with the lower atomic number rare earths. 
atomic 
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The use 6f salting-out agents such as aluminum nitrate 
and chloride, magnesium nitrate and chloride and sodium 
chloride was investigated. These salting-out agents caused 
an increase in the mass transfer to the organic phase 
although in most cases not affecting the yttrium-rar~ earth 
separation factors to any appreciable extent. As the nitric 
acid concentration in the system increased, the effect 
of these salting-out agents on mass transfer became less 
pronounced. The nitrate salting-out agents were more 
effective in increasing mass transfer than corresponding 
chloride salts. The high valence cations also caused the 
greatest mass transfer of yttrium and rare earths from the 
aqueous to the organic phase. 
The extractions of the nitric acid solutions of yttrium 
and the rare earths containing various amounts of hydro-
chloric, acetic and sulfuric acids were carried out. In 
general, the presence of these acids increased the gadolinium-
yttrium separation factor slightly. Tributyl phosphate 
extracted ·a very small amount of Yttrium and the rare earths 
from their hydrochloric acid solutions. The gadolinium-
yttrium separation factors were close to unity for this 
system. The use of hexone as the organic phase and addition 
of ammonium thiocyana.te to this chloride solution resulted 
in no appreciable yttrium or rare earth transfer or separa-
tion of gadolinium from yttrium. Since the gadolinium-
yttrium, yttrium-dysprosium and the gadolinium-dysprosium 
separation· factors · seldom exceeded a . value of 3.0, many 
stages. were required for their separation. 
A number of 20 stage countercurrent extractions employ-
ing a nitric acid yttrium-rare earth solution as the aqueous 
phase and tributyl phosphate as the organic phase was 
carried out. For a concentrated · nitric acid system the 
organic product phase generally contained yttrium and the 
heavy rare earths~ while the aqueous product phase contained 
the light ra:re , earth fraction plus a small amount of 
yttrium and dysprosium. In one multistage extraction the 
organic product phase delivered 90 per cent of the total 
yttrium which analyzed to be 91 per cent pure on an oxide 
basis. The hea.vy and light fractions of the yttrium-rare 
earth concentrate from Fergusonite ore was easily separated 
by liquid ·-11q.~.id extraction • . An additional extraction of 
the light fraction resulted in a fraction enriched in 
praseodymium and neo4ymium.- ciado1i~ium a~o dysprosium 
w.ere separated from yttrium· to a great extent on a con-
tinuous basi.s ·by a .IJlUltistage extraction · employing a 0.12 
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molar nitric acid aqueous solution of the yttrium-rare 
earth mixture. The extractions of these yttrium-rare earth 
concentrates showed the possibility of separating yttrium 
from any particular rare earth and the rare earths them-
selves on a continuous basis by combinations of liquid-liquid 
extractions. 
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